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Figure 11.17 Regions of the Right Half of the Brain íafh 

Right half of the brain as seen in a median seetion. 
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PTH meehanism: 

The parathyroid glands deteet the inereased 
Ca 2+ and deerease PTH seeretion. 

Calcitonin meehanism: 

Parafollieiilar eells deteet the inereased 
Ca 2+ and inerease ealeitonin seeretion. 



Effeets of deereased PTH: 

• Deereased breakdown of bone. 

• Deereased Ca 2+ reabsorption from urine. 

• Deereased synthesis of aetive vitamin D by 
the kidneys, which deereases Ca 2+ absorption 
from the small intestine. 

Effeet of inereased ealeitonin: 

Deereased breakdown of bone. 







PTH meehanism: 

The parathyroid glands deteet the deereased 
Ca 2+ and inerease PTH seeretion. 

Calcitonin meehanism: 

Parafollicular eells deteet the deereased 
Ca 2+ and deerease ealeitonin seeretion. 




Effeets of inereased PTH: 

• Inereased breakdown of bone. 

• Inereased Ca 2+ reabsorption from urine. 

• inereased synthesis of aetive vitamin D by the 
kidneys, which inereases Ca 2+ absorption 
from the small intestine. 

Effeet of deereased ealeitonin: 

inereased breakdown of bone. 




Homeostasis Figure 15.20 Siimmary of Blood Ca 2+ eoneentration Regulation by Parathyroid Hormone (PTH) and 
ealeitonin 


"l like the writing in Tate. It is very easy 
to read and follow. I particularly like the 
many disorders/homeostatie imbalanees 
explained within the text which keeps 
the readers attention. My students would 
have no problem reading this text and it 
is highly appropriate for my course." 

Sarah Pugh, Shelton State Community eollege 


NEW! Homeostasis Figures with 
in-art explanations and organ 
ieons 

• These speeialized flowcharts illustrating the 
meehanisms that body systems employ to maintain 
homeostasis have been refined and improved in the 
seeond edition. 

• More succinct explanations 

• Small ieon illustrations included in boxes depiet the 
organ or structure being discussed. 


1. Cortiocotropin-releasing hormone (CRH) 
is released from hypothalamie neurons in 
response to stress or low blood glucose 
and passes, by way of the 
hypothalamohypophyseal portal system, 
to the anterior pituitary. 

2. CRH stimulates the seeretion of 
adrenoeortieotropie hormone (ACTH) 
from the anterior pituitary. 

3. ACTH stimulates the seeretion of eortisol 
from the adrenal cortex. 

4. Cortisol aets on target tissues, resulting 
in inereased fat and protein breakdown, 
inereased glucose levels, and anti- 
inflammatory effeets. 

5. Cortisol has a negative-feedbaek effeet 
because it inhibits CRH release from the 
hypothalamus and ACTH seeretion from 
the anterior pituitary. 



Stimulatory 



Inhibitory 


Stress, low blood glucose 


CRH 



breakdown 

• inereases blood glucose 

• Has anti-inflammatory 
effeets 


Hypothalamus 


Hypothalamohypophyseal 
portal system 


Anterior 

pituitary 


Adrenal cortex 
(zona fasciculata) 


Step-by-Step Proeess Figures 

Proeess Figures break down physiologieal proeesses into a 
series of smaller steps, allowing readers to build their 
understanding by learning eaeh important phase. 
Numbers are plaeed carefully in the art, permitting 
students to zero right in to where the aetion deseribed in 
eaeh step takes plaee. 


Proeess Figure 15.23 Regulation of eortisol Seeretion 













































eiinieal 


eiinieal eontent Puts 
Knowledge into Praetiee 

Seeley’s Prineiples ofAnatomy and Physiology provides elinieal 
examples to demonstrate the applieation of basie knowledge in a 
relevant elinieal context. Exposure to elinieal information is 
espeeially benefieial if smdents are planning on using their 
knowledge of anatomy and physiology in a health-related eareer. 


Knee lnjuries and Disorders 


Damage to a eollateral ligament ean 
result from a blow to the opposite side of the 
knee. A eommon type of football injury 
results from a bloek or taekle to the lateral 
side of the knee, which ean cause the knee to 
bend inward, tearing the tibial (medial) eol- 
lateral ligament and opening the medial side 
of the joint (figure E). Injuries to the medial 
side of the knee are much more eommon 
than injuries to the lateral side because blows 
to the lateral side occur more frequently than 
to the medial side. In addition, the tibial 
(medial) eollateral ligament is weaker than 
the fìbular (lateral) eollateral. 

The medial meniscus is fairly tightly 
attaehed to the tibial (medial) eollateral 
ligament and is damaged 20 times more 
often in a knee injury than the lateral 
meniscus, which is thinner and not 
attaehed to the fìbular (lateral) eollateral 
ligament. A torn meniscus may result in a 
"elieking" sound during extension of the 
leg; if the damage is more severe, the torn 
pieee of eartilage may move between the 
articulating surfaces of thetibia and femur, 
causing the knee to "loek" in a partially 
fìexed position. 

In severe medial knee injuries, the ante- 
rior cruciate ligament is also damaged (see 
fiqure E).Tearinq ofthetibial (medial) eollat- 


Lateral 

Lateral blow bands 
the knee inward 
(medially) 



Medial 


Fibular (lateral) 

eollateral 

ligament 


Tibial (medial) 

eollateral 

ligament 

Medial 

meniscus 

Anterior emeiate 
ligament 


Anterior view 


Figlire E lnjury to the Right Knee 

with a transplanted or an artifieial ligament 
repairsthe damage. 

Bursitis in the subcutaneous prepatellar 
bursa (see fiqure 7.496), eommonly ealled 


NEW! eiinieal Relevanee 
with speeial online snpport 

These in-depth boxed essays explore relevant 
topies of elinieal interest. Subjects eovered 
include pathologies, current researeh, sports 
medieine, exercise physiology, and 
pharmaeology. Assessment ean be found on the 
ConnectPlus™ Course Management system. 





"The eiinieal Relevanee boxes add to the 
understanding and relevanee of the eontent 
I alvvays direet my student's attention to 
these supplements because they are truly 

valuable eontent tOOlS." MelindaA. Miller, Pearl 

River Community eollege 


within the patellar groove, and fat pad syn- 
drome, which eonsists of an accumulation 
of fluid in the fat pad posterior to the patella. 
An acutely swollen knee appearing immedi- 
ately after an injury is usually a sign of blood 
accumulation within the joint eavity and is 
ealled a hemarthrosis (hè'mar-thrò'sis, 
hem'ar-thró'sis). A slower accumulation of 
fluid, "water on the knee," may be caused by 
bursitis. 
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Ankle lnjury and Areh Problems 

The ankle is the most frequently injured major joint in the body. A 
sprained ankle results when the ligaments of the ankle are torn 
partially or eompletely. The most eommon ankle injuries result from 
forceful inversion of the foot and damage to the lateral ligaments 
(figure F). Eversion of the foot and medial ligament damage is rare 
and usually involves fracture of the malleoli (see figure F). 


Direetion of foree 


Torn fibers of 
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ligament 



Fìgure F injrn 
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figure 7.37), are de 
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CASE STUDY 


Negative Feedbael 
Hyperthyroidism 



Systems 
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Josie owns a business, has several employees, and wc 
age her business and make time for her family. Ovei 
she slowly reeognized that she felt warm when otl 
sweated excessively and her skin was often flushed. S 
her heart were pounding, she was much more ner 
and it was difficult for her to eoneentrate. She began 
lose weight, even though her appetite was greater i 
family reeognized some of these ehanges and that 
larger than usual. They encouraged her to see her ph 
the symptoms, her physieian suspected that Josie w 
hyperthyroidism. A blood sample was taken and the 
that her blood levels of thyroid hormones were e 
blood levels of TRH and TSH were very low. In ad 
immunoglobulin, ealled thyroid-stimulating immu 
was present in signifieant eoneentrations in her blooe 
TSI is very similar to the structure ofTSH.The physieia 
Josie was suffering from Graves disease. 

Josie was treated with radioaetive iodine ( 131 l) at 
aetively transported into Josie's thyroid eells, where 
substantial portion of the thyroid gland. Subsequer| 
take thyroid hormones in the form of a pill to keep h> 
thyroid hormones within their normal range of valu> 


Prediet 

a. Prior to treatment, explain why Josie's blood levels 
hormones were elevated. 

b. Prior to treatment, why were her TRH and TSH level] 
normal? 

e. After the 131 1 treatment, why are her thyroid hormoi 
than normal? 

d. After the 131 1 treatment, prediet what will happen to Josie's TRH and 
TSH levels. 

e. Why will Josie have to take thyroid hormone pills for the rest of her 
life? What effeet will that have on her TRH and TSH levels? 
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interaetions 



Integiimentary 

System 


Skeletal 

System 


Muscular 

System 


Nervous 

System 



Cardiovascular 

System 


Lymphatie 
System and 
lmmunity 



Respiratory 

System 

Digestive 

System 


Llrinary 

System 


Reproductive 

System 


Effeets of the Endoerine System 
on Other Systems 

Sex hormones inerease sebum production 
(contributing to aene), inerease apoerine 
gland seeretion (contributing to body 
odor), and stimtilate axillary and pubic 
hair growth 

Melanocyte-stimulating hormone inereases 
melanin prodiietion 

Parathyroid hormone and ealeitonin regulate 
ealeitim release and uptake by bone 

Estrogen and testosterone stimulate bone 
growth and closure of the epiphyseal plate 

Growth hormone and thyroid hormone 
affeet bone growth and metabolism 

Hormones aífeet muscle development, 
growth, and metabolism 

Hormones affeet neuron development, 
growth, and metabolism 


Epinephrine and norepinephrine inerease 
heart rate and foree of eontraetion and 
ehange blood vessel diameter 

Hormones regulate blood presstire 

Erythropoietin stinnilates red blood eell 
formation 

Thymosin is neeessary for immune eell 
(T eell) maturation in the thymus gland 

Hormones affeet immtine eell functions 


Epinephrine causes dilation of air passage- 
ways (bronehioles) 

Regulates seeretion from digestive glands 
and organs 

Controls mixing and movement of 
digestive traet eontents 

ADH and aldosterone regulate fluid and 
eleetrolyte balanee 


Stimiilates the onset of puberty and sexual 
eharaeteristies 

Stimulates gamete formation 

Promotes uterine eontraetions for delivery 

Makes possible and regulates milk 
production 


XII 


Effeets of Other Systems on 
the Endoerine System 

Produces a vitamin D precursor that is 
eonverted in the liver and kidneys to 
aetive vitamin D, which fimetions as a 
hormone 


Proteets endoerine organs in the eranial, 
thoraeie, and pelvie eavities 


Muscular exercise stimidates endorphin 
release 

Controls the release of hormones from the 
hypothalamus, posterior pittdtary, and 
adrenal glands 

Transports hormones released from endo- 
erine tissues 

Delivers oxygen, nutrients, and immune eells 

Removes earbon dioxide, waste products, 
and toxins 


Lymph transports hormones 

Immune eells provide proteetion against 
mieroorganisms and toxins and promote 
tissue repair by releasing ehemieal 
mediators 

Removes excess interstitial fluid 

Provides oxygen and removes earbon dioxide 

Helps maintain the body’s pH 

Provides nutrients and water 


Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 

Testosterone, estrogen, and inhibin 
regulate the release of hormones from the 
hypothalamus and pituitary gland 
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eiinieal Topies 

Interesting elinieal sidebars reinforee or 
expand upon the faets and eoneepts discussed 
within the narrative. Onee students have 
learned a eoneept, applying that information 
in a elinieal context shows them how their 
new knowledge ean be put into praetiee. 

Case Studies 

These speeifie yet brief examples of how alter- 
ations of structure and/or fimetion result in 
diseases helps students better understand the 
praetieal applieation of anatomy and physiol- 
ogy. The ease studies are plaeed strategieally in 
the text so they ean immediately start to see 
eonneetions between learned eoneepts and 
realistie events. 

Systems interaetions 

These pages appear at the end of every system 
ehapter and synthesize the important effeets of 
all of the systems upon one another. Presented 
in table form, the page is elear and ties eon- 
eepts together aeross multiple ehapters. 






























Learning Outcomes 

AFTER YOU COMPLETE THIS CHAPTER YOU SHOULD BE ABLE TO 

8.1 Functions of the Muscular System 198 

1. List the major functions of rrmseles. 



8.2 Properties and Types of Muscle 198 

2. Deseribe four major functional properties of muscles. 

3. Compare the three different types of muscles. 

8.3 Skeletal Muscle Structure 199 

4. Deseribe the structure of a vvhole muscle and of a rrmsele fiber. 

8.4 Sliding Filament Model 202 

5. Explain hovv rrmsele fibers shorten. 




"The inclusion of "revievv" and "prediet" questions vvithin 
the text help keep the reader's interest and encourage 
them to apply the knovvledge presented instead of 

memorizing it." Paul Luyster, Tarrant County Community eollege 


The Art of Teaehing— 

New Pedagogieal Features ehapter summary 


A major ehange that you will notiee in the seeond edition is the 
ineorporation of Learning Outcomes that are elosely linked with 
in-ehapter questions as well as the Summary/Review and 
Oomprehension questions. 

Self-Assessment Tools 

Learning tools provides students with abundant opportunities to 
evaluate their eomprehension of eoneepts. A wide variety of questions 
encourage students to apply ehapter eoneepts to solve problems. 

in-ehapter Seetion Questions 

Review questions within the ehapter text encourage students to be 
aetive learners as they read by testing their knowledge and 
understanding of the material they have just read before they 
proeeed to additional material. 


22 Deseribe the neiirorrmseiilar junction. How does an aetion 
potential in the neuron produce an aetion potential in the muscle 
fìber? 

23 What is the importanee of aeetyleholinesterase in the synaptie eleft? 


Prediet Questions 


The summary is now eonveniently linked by seetion and page 
number while it briefly states the important faets and eoneepts 
eovered in eaeh ehapter. 


Summary 

8.1 Functions of the Muscular System (p. i 98 ) 

Muscle is responsible for movement of the arms, legs, heart, and other 
parts of the body; maintenanee of posture; respiration; production of 
body heat; communication; eonstrietion of organs and vessels; and 
heartbeat. 


8.2 Properties and Types of Muscle (p. i98> 


Muscle exhibits eontraetil'^^ kfnrtpne fruv^/=»fn1L/) p*vr\ 1 -oKi 1 if-’íT' i rpennnrle 


to stimuli), extensibility 
elastieity (reeoils to resti 

2. Muscle tissue shortens f 

3. The three types of musc 

4. Skeletal muscle is respoi 
muscle is found in the \ 
substances through ther 
pumps blood. 

8.3 Skeletal Mu 

Skeletal muscle fibers are loi 
and they appear striated. 


Reviewand eomprehension 

8.1 Functions of the Muscular System (p. i 98 ) 

1. The major functions of muscle include 

a. movements, such as walking. 

b. maintaining body posture when standing still. 
e. maintaining body temperature. 

d. moving materials through hollow organs, such as the stomaeh and heart. 

e. all of the above 

8.2 Properties and Types of Muscle (p. i98) 


2. Which of these is true of skeletal muscle? 

a. spindle-shaped eells 

b. under involuntary eontrol 

e. many peripherally loeated nuclei per muscle eell 

d. forms the walls of hollow internal organs 

e. may be autorhythmic 


These innovative eritieal thinking questions encourage smdents to 
develop their eritieal-thinking skills by ehallenging them to use 
newly acquired and understood information to solve problems. 


Prediet 



Prediet the consequences of having the following eonditions develop in a nrmsele 
in response to a stimulus: (a) Na + eannot enter the skeletal muscle through 
voltage-gated Na + ehannels, (b) very little ATP is present in the musde fiber before 
a stimulus is applied, and (e) adequate ATP is present within the rrmsele fiber, but 
aetion potentials occur at a frequency so great that Ca 2+ is not transported baek 
into the sareoplasmie reticulum between individual aetion potentials. 


Review and eomprehension 

These multiple-choice praetiee questions eover the main 
points of the ehapter. Completing this self-test helps smdents 
gauge their mastery of the material. 

eritieal Thinking Questions 

These innovative exercises encourage students to apply ehapter 
eoneepts to solve problems. Answering these questions helps 
build their working knowledge of anatomy and physiology 
while developing reasoning and eritieal thinking skills. 
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ANATOMY & PHYSIOLOGY 


McGraw-Hill ConnectPlus™ Anatomy & Physiology is a web-based 
assignment and assessment platform that gives students the means 
to better eonneet with their coursework, with their instructors, 
and with the important eoneepts that they will need to know for 
success now and in the future. With Connect™ Anatomy & 
Physiology, instmetors ean deliver assignments, quizzes, and tests 
easily online. Students ean praetiee important skills at their own 
paee and on their own schedule. With Connect Anatomy & 
Physiology Plus, smdents also get 24/7 online aeeess to an eBook— 
an online edition of the text—to aid them in successfully 
eompleting their work, wherever and whenever they ehoose 

www.mhhe.com/tate2 
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LearnSmart™ is an online diagnostie learning system that determines 
the level of student knowledge, and feeds the student suitable eon- 
tent for the Anatomy & Physiology course. Students learn faster 
and study more effeetively. As a smdent works within the system, 
LearnSmart develops a personal learning path adapted to what the 
student has learned and retained. LearnSmart is able to reeom- 
mend additional study resources to help the student master topies. 
This innovative and outstanding study tool also has feamres for 
instructors where they ean see exactly what students have aeeom- 
plished, and a built in assessment tool for graded assignments. You 
ean aeeess LearnSmart through ConnectPlus. 
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McGraw-Hill 
Higher Education 
and Blaekboard® 
have teamed up. 
What does this 
mean for you? 


1. Y0Ur life, Simplified. Now you and your smdents ean aeeess 
McGraw-Hilfs Connect™ and Create™ right from within your 
Blaekboard course—all with one single sign-on. Say goodbye 
to the days of logging in to multiple applieations. 


2. Deep integration of eontent and tools. Not only do you 

get single sign-on with Connect™ and Create™, you also get deep 
integration of McGraw-Hill eontent and eontent engines right 
in Blaekboard. Whether you’re ehoosing a book for your course 
or building Connect™ assignments, all the tools you need are 
right where you want them—inside of Blaekboard. 


3. Seamless Gradebooks. Are you tired of keeping multiple 

gradebooks and manually synehronizing grades into Blaekboard? 
We thought so. When a smdent eompletes an integrated 
Connect™ assignment, the grade for that assignment 
automatically (and instantly) feeds your Blaekboard grade eenter. 

4. A sollltion for everyone. Whether your instimtion is already 

using Blaekboard or you just want to try Blaekboard on your 
own, we have a solution for you. McGraw-Hill and Blaekboard 
ean now offer you easy aeeess to industry leading teehnology and 
eontent, whether your campus hosts it, or we do. Be sure to ask 
your loeal McGraw-Hill representative for details. 
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Anatomy & 
Physiology 



An Interaetive Oadaver 
Disseetion Experience 

This unique multimedia tool is 
designed to help you master human 
anatomy and physiology with: 

> Content customized 
to your course 

> Stunning eadaver speeimens 

> Vivid animations 

> Lab praetieal quizzing 



my Course Content 

* Maximize effieieney by studying 
exactly what’s required. 

> Your instmetor seleets the eontent 
that’s relevant to your course. 

Disseetion 

> Peel layers of the body to reveal 
structures beneath the surface. 

Animation 

> Over 150 animations make anatomy 
and physiology easier to visualize 
and understand. 

Histology 

> Study interaetive slides that 
simulate what you see in lab. 

Imaging 

> Oorrelate disseeted anatomy 
with X-ray, MRI, and CT seans. 

Quiz 

> Gauge profieieney with customized 
quizzes and lab praetieals that 
eover only what you need for 
your course. 







WWW.APREVEALED.COM 


ereate™ 

Craft your teaehing resources to mateh the way 
you teaeh! With McGraw-Hill Create™, 
www.mcgrawhillcreate.com, you ean easily rearrange 
ehapters, eombine material from other eontent 
sources, and quickly upload eontent you have 
written like your course syllabus or teaehing 
notes. Find the eontent you need in Create by 
searehing through thousands of leading McGraw- 
Hill textbooks. Arrange your book to fit your 
teaehing style. Create even allows you to personalize 
your book’s appearanee by seleeting the eover and 
adding your name, sehool, and course information. 
Order a Create book and youll reeeive a eompli- 
mentary print review eopy in 3—5 business days or 
a eomplimentary eleetronie review eopy (eComp) via 
email in minutes. Go to www.mcgrawhillcreate.com 
today and register to experience how McGraw-Hill 
Create™ empowers you to teaeh your students 


your way. 


Performanee-Enhaneing Study tools 

NEW! Anatomy & Physiology Revealed® 3.0 

This amazing multimedia tool is designed to help students 
learn and review human anatomy using eadaver speeimens. 

Detailed eadaver photographs blended together with a state-of- 
the-art layering technique provide a uniquely interaetive 
disseetion experience. 

NEW! Seeley # s Prineiples of Anatomy & Physiology Seeond 
Edition eBook and Anatomy & Physiology Revealed (APR) 
version 3.0—Now 7 Seamlessly integrated 

New to this edition, the text, images, and artwork in Seeley’s 
Prineiples of Anatomy & Physiology Seeond Edition are brought to 
life with the eliek of a mouse. Wherever students see the APR 3.0 
logo in their CONNECT Plus eBook, they ean simply eliek the 
logo and they will be taken speeifieally to the disseetion photos, 
animations, histology slides, and radiologieal images in APR that 
support and enrieh their understanding of the text. 

Contact your McGraw-Hill sales representative to discuss eBook 
paekaging options. 


Laboratory Manual 

The Anatomy and Physiology Laboratory Mannal by Erie Wise of 
Santa Barbara City College is expressly written to eoineide with the 
ehapters of Seeley’s Prineiples ofAnatomy and Physiology by Philip 
Tate. This lab manual includes elear explanations of physiology 
experiments and computer simulations that serve as alternatives to 
frog experimentation. 

^ ^1^81010^^ interaetive Lab Simulations 

This unique student study tool is the perfeet way to 
reinforee key physiology eoneepts with powerful 
lab experiments. Created by Dr. Phil Stephens of 
Villanova IJniversity, the program offers 37 labora- 
tory simulations that may be used to supplement 
or substitute for wet labs. Students ean adjust variables, view out- 
eomes, make predietions, draw conclusions, and print lab reports. 

"MediaPhys" Tutorial 

This physiology study aid offers detailed explanations, high-quality 
illustrations, and amazing animations to provide a thorough intro- 
duction to the world of physiology. MediaPhys is filled with inter- 
aetive aetivities and quizzes to help reinforee physiology eoneepts 
that are often difficult to understand. 
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C HAPTE R 



AFTER YOU COMPLETE THIS CHAPTER YOU SHOULD BE ABLE TO 




1.1 Anatomy and Physiology 2 




1. Defìne the terms anatomy and physiology and identify the different 
ways in which they ean be studied. 

1.2 Structural and Functional Organization 2 

2. Deseribe the ehemieal, organelle, eell, tissue, organ, organ system, 
and whole organism levels of organization. 

3. List the 11 organ systems, and indieate the major functions of eaeh. 



eharaeteristies of Life 7 

4. List the eharaeteristies of life. 

5. Explain the importanee of studying other animals to help us to 
understand human anatomy and physiology. 

Homeostasis 7 

6. Defìne homeostasis, and explain homeostasis using the terms 
variable , set point, and normal range. 

7. Deseribe negative- and positive-feedbaek systems and their 
relationship to homeostasis. 

Terminology and the Body Plan 11 

8. Deseribe the anatomieal position, and use direetional terms to 
deseribe the loeation of speeifìe body structures. 

9. List the terms used to deseribe different regions or parts of the 
body. 

10. Name and deseribe the three major planes of the body or of an 
organ. 

11. Defìne the terms thoraeie eavity, abdominal eavity, pelvie eavity, and 
mediastinum. 

12. Defìne serous membrane, and explain the relationship between 
parietal and viseeral serous membranes. 

13. Name the membranes that line the walls and eover the organs of 
eaeh body eavity, and name the fluid found inside eaeh eavity. 

14. Defìne mesentery, and deseribe its function. 

15. Defìne the term retroperitoneal, and list examples of retroperitoneal 
organs. 


The daneer in the photo is perfeetly balaneed, yet a siight move- 
ment in any direetion would cause him to adjust his position. 
The human body adjusts its balanee among all its parts through 
a proeess ealled homeostasis. 
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lntroduction 

H uman anatomy and physiology is the study of the 

structure and function of the human body. The human 
body has many intrieate parts with eoordinated func- 
tions maintained by a complex system of eheeks and balanees. 
For example, tiny eolleetions of eells embedded in the pan- 
ereas affeet the uptake and use of blood sugar in the body. 
Eating a eandy bar results in an inerease in blood sugar, which 
aets as a stimulus. Panereatie eells respond to the stimulus by 
seereting insulin. Insulin moves into blood vessels and is trans- 
ported to eells throughout the body, where it inereases the 
movement of sugar from the blood into eells, thereby provid- 
ing the eells with a source of energy and causing blood sugar 
levels to deerease. 

Knowledge of the structure and function of the human 
body is the basis for understanding disease. In one type of diabe- 
tes mellims, eells of the panereas do not seerete adequate amounts 
of insulin. Not enough sugar moves into eells, which deprives 
them of a needed source of energy, and they malfunction. 

Knowledge of the structure and function of the human 
body is essential for those planning a eareer in the health sei- 
enees. It is also benefieial to nonprofessionals because it helps 
with understanding overall health and disease, with evaluat- 
ing reeommended treatments, and with eritieally reviewing 
advertisements and artieles. 


1.1 Anatomy and Physiology 

Anatomy (à-nat'ó-mé) is the seientifie diseipline that investigates the 
structure of the body. The word anatomy means to disseet, or cut 
apart and separate, the parts of the body for study. Anatomy eovers a 
wide range of srndies, including the structure of body parts, their 
mieroseopie organization, and the proeesses by which they develop. 
In addition, anatomy examines the relationship between the struc- 
ture of a body part and its fimetion. Just as the structure of a hammer 
makes it well suited for pounding nails, the structure of body parts 
allows them to perform speeifie fimetions effeetively. For example, 
bones ean provide strength and support because bone eells surround 
themselves with a hard, mineralized substance. IJnderstanding the 
relationship between structure and fimetion makes it easier to under- 
stand and appreeiate anatomy. 

Systemie and regional anatomy are two basie approaehes to 
the study of anatomy. Systemie anatomy is the study of the body 
by systems and is the approaeh taken in this and most other intro- 
ductory textbooks. Examples of systems are the circulatory, ner- 
vous, skeletal, and muscular systems. Regional anatomy is the 
study of the organization of the body by areas. Within eaeh region, 
such as the head, abdomen, or arm, all systems are srndied simul- 
taneously. It is the approaeh taken in most medieal and dental 
sehools. 

Surface anatomy and anatomieal imaging are used to examine 
the internal structures of a living person. Surface anatomy is the 


study of external feamres, such as bony projeetions, which serve as 
landmarks for loeating deeper structures (for examples of external 
landmarks, see ehapter 6). Anatomieal imaging involves the use of 
x-rays, ultrasound, magnetie resonanee imaging (MRI), and other 
teehnologies to ereate pictures of internal structures. Both surface 
anatomy and anatomieal imaging provide important information 
useful in diagnosing disease. 


Anatomieal Anomalies 

No two humans are structurally identieal. For instanee, one person 
may have longer fingers than another person. Despite this variabil- 
ity, most humans have the same basie pattern. Normally, we eaeh 
have 10 fingers. Anatomieal anomalies are structures that are 
unusual and different from the normal pattern. For example, some 
individuals have 12 fingers. 

Anatomieal anomalies ean vary in severity from the relatively 
harmless to the life-threatening. For example, eaeh kidney is nor- 
mally supplied by one blood vessel, but in some individuals a 
kidney is supplied by two blood vessels. Either way, the kidney 
reeeives adequate blood. On the other hand, in the eondition ealled 
"blue baby" syndrome, some of an infant's blood vessels are not 
attaehed in their eorreet loeations to the heart; blood is not effee- 
tively pumped to the lungs, resulting in tissues not reeeiving 
adequate oxygen. 


Physiology (fiz-é-oFò-jé, the study of nature) is the seientifie 
diseipline that deals with the proeesses or hmetions of living 
things. It is important in physiology to reeognize structures as 
dynamie rather than statie, or unchanging. The major goals of 
physiology are (1) to understand and prediet the bodys responses 
to stimuli and (2) to understand how the body maintains eondi- 
tions within a narrow range of values in the presenee of a continually 
ehanging environment. 

Physiology is divided aeeording to (1) the organisms involved or 
(2) the levels of organization within a given organism. Human 
physiology is the study of a speeifie organism, the human, whereas 
cellular physiology and systemie physiology are examples of 
physiology that emphasize speeifie organizational levels. 

1 Define anatomy and explain the importanee of understanding the 
relationship between structure and function. 

2 Define physiology and state two major goals of physiology. 

3 Deseribe different ways or levels at which anatomy and physiology 
ean be eonsidered. 


1.2 Structural and Functional 

Organization 

The body ean be srndied at six structural levels: the ehemieal, eell, 
tissue, organ, organ system, and organism (figure 1.1). 
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1. Chemical level. Atoms 
(eolored balls) eombine 
to form molecules. 

2. Cell level. Molecules 
form organelles, such as 

the nucleus and mitoehondria, 
which make up eells. 

3. Tissue level. Similar eells 
and surrounding materials 
make up tissues. 

4. Organ level. Different 
tissues eombine to form 
organs, such as the 
urinary bladder. 


O 

o 



Atoms 


O 



Molecule 

(DNA) 



5. Organ system level. 

Organs such as the 
urinary bladder and 
kidneys make up an 
organ system. 

6. Organism level. Organ 
systems make up an 
organism. 



Llrinary 

bladder 



— Kidney 

O 

— Llreter 

- Llrinary bladder 

- Llrethra 

Llrinary system 





Epithelium 

Oonneetive tissue 
Smooth muscle tissue 

Oonneetive tissue 


Wall of urinary bladder 


Organism 


Proeess Figiire 1.1 Levels of Organization 

Six levels of organization for the human body are the ehemieal, eell, tissue, organ, organ system, and organism levels. 


ehemieal Level 

The structural and functional eharaeteristies of all organisms are 
determined by their ehemieal makeup. The ehemieal level of orga- 
nization involves interaetions between atoms, which are tiny 
building bloeks of matter. Atoms ean eombine to form molecules, 
such as water, sugar, fats, proteins, and deoxyribose nucleic aeid 
(DNA). The function of a molecule is intimately related to its 
structure. For example, eollagen molecules are strong, ropelike 
fibers that give skin structural strength and flexibility. With old 
age, the structure of eollagen ehanges, and the skin beeomes fragile 
and is more easily torn. A brief overview of ehemistry is presented 
in ehapter 2. 

Cell Level 

Cells are the basie structural and fimetional units of organisms, such 
as plants and animals. Molecules ean eombine to form organelles 


(or'gà-nelz, a small tool), which are the small structures that make 
up eells. For example, the nucleus eontains the eells hereditary 
information, and mitoehondria manufacture adenosine triphos- 
phate (ATP), which is a molecule used by eells for a source of 
energy. Although eell types differ in their structure and fimetion, 
they have many eharaeteristies in eommon. Knowledge of these 
eharaeteristies and their variations is essential to understanding 
anatomy and physiology. The eell is discussed in ehapter 3. 

Tissue Level 

A tissue (tish'u, texo, to weave) is a group of similar eells and the 
materials surrounding them. The eharaeteristies of the eells and sur- 
rounding materials determine the fimetions of the tissue. The many 
tissues that make up the body are elassified into four primary tissue 
types: epithelial, eonneetive, muscle, and nervous. Tissues are dis- 
cussed in ehapter 4. 
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Brain 


Larynx - 
Traehea 


Aortie areh- 

Lung- 

Heart- 

Liver- 

Panereas (behind 
stomaeh) 

Gallbladder- 

Kidney 

(behind intestine) 

Large _ 

intestine 

Llreter 

(behind small — 
intestine) 

Llrinary_ 

bladder 

Llrethra- 



Spinal eord 

Oarotid 

artery 

Esophagus 


Diaphragm 

Spleen (behind stomaeh) 

Stomaeh 

Kidney 

(behind stomaeh) 

Small intestine 


Figure 1.2 Major Organs of the Body 


Organ Level 

An organ (or'gàn, a tool) is eomposed of two or more tissue types 
that together perform one or more eommon functions. The uri- 
nary bladder, skin, stomaeh, eye, and heart are examples of organs 
(figure 1.2). 

Organ System Level 

An organ system is a group of organs elassified as a unit because of a 
eommon fimetion or set of fimetions. For example, the urinary sys- 
tem eonsists of the kidneys, ureter, urinary bladder, and urethra. The 
kidneys produce urine, which is transported by the ureters to the 
urinary bladder, where it is stored until eliminated from the body by 
passing through the urethra. In this book, the body is eonsidered to 
have 11 major organ systems: the integumentary, skeletal, muscular, 
lymphatie, respiratory, digestive, nervous, endoerine, cardiovascular, 
urinary, and reproductive systems (figure 1.3). 

The eoordinated aetivity of the organ systems is neeessary for 
normal hmetion. For example, the digestive system takes in and 
proeesses food, which is earried by the blood of the cardiovascular 
system to the eells of the other systems. These eells use the food 
and produce waste products that are earried by the blood to the 


kidneys of the urinary system, which removes waste products from 
the blood. Because the organ systems are so interrelated, dysfimetion 
of one organ system ean have profound effeets on other systems. For 
example, a heart attaek ean result in inadequate circulation of blood. 
Consequently, the organs of other systems, such as the brain and 
kidneys, ean malfianetion. 

Organism Level 

An organism is any living thing eonsidered as a whole—whether eom- 
posed of one eell, such as a bacterium, or trillions of eells, such as a 
human. The human organism is a complex of organ systems that are 
mutually dependent on one another. 

4 From smallest to largest, list and define the body's six levels of 
organization. 

5 What are the four primary tissue types? 

6 Which two organ systems are responsible for regulating the other 
organ systems (see figure 1.3)? Which two are responsible for support 
and movement? 

7 What are the functions of the integumentary, cardiovascular, lymphatie, 
respiratory, digestive, urinary, and reproductive systems (see figure 1.3)? 
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Ribs 


Pelvis 


Tibia 


Fibula 



Skull 


Clavicle 

Sternum 

Humerus 

Vertebral 

column 

Radius 

lllna 


Femur 


Sartorius 

Rectus - 
femoris 



Temporalis 


Peetoralis 

major 



Rectus 


abdominis 


lntegumentary System 

Provides proteetion, regulates temperature, 
reduces water loss, and produces vitamin D 
precursors. Consists of skin, hair, nails, and 
sweat glands. 


Skeletal System 

Provides proteetion and support, allows body 
movements, produces blood eells, and stores 
minerals and fat. Consists of bones, assoeiated 
eartilages, ligaments, and joints. 


Muscular System 

Produces body movements, maintains posture, 
and produces body heat. Consists of muscles 
attaehed to the skeleton by tendons. 


Spinal eord 


Nerve 



Cauda 

equina 


Hypothalamus 


Pituitary 


Thyroid 


Thymus 


Adrenals 


Ovaries 
(female) 


Pineal 



Parathyroids 
(posterior 
part of 
thyroid) 


Panereas 

(islets) 

Testes 

(male) 


Carotid 

artery 


Jugular 


vein 


Heart 


Braehial 

artery 


Inferior 


vena eava 



Superior 
vena eava 


Pulmonary 

trunk 


Aorta 


Femoral 
artery and 
vein 


Nervous System 

A major regulatory system that deteets 
sensations and eontrols movements, 
physiologie proeesses, and intellectual 
functions. Consists of the brain, spinal eord, 
nerves, and sensory reeeptors. 


Endoerine System 

A major regulatory system that influences 
metabolism, growth, reproduction, and many 
other functions. Consists of glands, such as 
the pituitary, that seerete hormones. 


Cardiovascular System 

Transports nutrients, waste products, gases, 
and hormones throughout the body; plays a 
role in the immune response and the 
regulation of body temperature. Consists of 
the heart, blood vessels, and blood. 


Figlire 1.3 Organ Systems of the Body 
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Thymus 


Lymphatie 
vessel 


Tonsils 


Cervical 


Mammary 

plexus 



Thoraeie 


Spleen 

lnguinal 
lymph node 


Lymphatie System 

Removes foreign substances from the blood 
and lymph, eombats disease, maintains 
tissue fluid balanee, and transports fats from 
the digestive traet. Consists of the lymphatie 
vessels, lymph nodes, and other lymphatie 
organs. 
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Pharynx 

(throat) 

Larynx 

Traehea 
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Respiratory System 


Exchanges oxygen and earbon dioxide 
between the blood and air and regulates 
blood pH. Consists of the lungs and 
respiratory passages. 


Pharynx 

(throat) 


Oral eavity 
(mouth) 



Liver 
Gallbladder 


Appendix 


Rectu 


Anus 


Salivary 

glands 

Esophagus 

Stomaeh 

Panereas 


intestine 

Large 

intestine 



Digestive System 

Performs the meehanieal and ehemieal 
proeesses of digestion, absorption of 
nutrients, and elimination of wastes. 
Consists of the mouth, esophagus, 
stomaeh, intestines, and aeeessory organs. 



Kidney 

Llreter 






(Jrethra 
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Mammary 
gland 
(in breast) 


Llterine 

tube 

Ovary 


-Uterus 


Vagina 



Ductus 

deferens 


Seminal 

vesiele 

Prostate 



Testis 


Epididymis 


Penis 


(Jrinary System 

Removes waste products from the blood 
and regulates blood pH, ion balanee, and 
water balanee. Consists of the kidneys, 
urinary bladder, and ducts that earry urine. 


Female Reproductive System 

Produces ooeytes and is the site of fertilization 
and fetal development; produces milk for the 
newborn; produces hormones that influence 
sexual functions and behaviors. Consists of 
the ovaries, vagina, uterus, mammary glands, 
and assoeiated structures. 


Male Reproductive System 

Produces and transfers sperm eells to the 
female and produces hormones that 
influence sexual functions and behaviors. 
Consists of the testes, aeeessory structures, 
ducts, and penis. 


Figure 1.3 (eontimied) 
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Prediet 



ln one type of diabetes, the panereas (an organ) fails to produce insulin, which 
is a ehemieal normally made by panereatie eells and released into the blood. 
List as many levels of organization as you ean in which this disorder could be 
eorreeted. 


1.3 eharaeteristies of Life 

Humans are organisms and have many eharaeteristies in eommon with 
other organisms. The most important eommon feature of all organisms 
is life. Essential eharaeteristies of life are organization, metabolism, 
responsiveness, growth, development, and reproduction. 

1. Organization is the eondition in which the parts of an 
organism have speeifie relationships to eaeh other and the parts 
interaet to perform speeifie fimetions. Living things are highly 
organized. All organisms are eomposed of one or more eells. 
Cells, in turn, are eomposed of highly speeialized organelles, 
which depend on the preeise fimetions of large molecules. 
Disruption of this organized state ean result in loss of fimetions 
and death. 

2. Metabolism (mé-tab'ò-lizm, metabolè , ehange) is all of the 
ehemieal and physieal ehanges taking plaee in an organism. It 
includes an organism’s ability to break down food molecules, 
which it uses as a source of energy and raw materials to 
synthesize its own molecules. Energy is also used when one part 
of a molecule moves relative to another part, resulting in a 
ehange in shape of the molecule. Changes in molecular shape 
in turn ean ehange the shapes of eells, which ean produce 
movements of the organism. Metabolism is neeessary for vital 
fimetions, such as responsiveness, growth, development, and 
reproduction. 

3. Responsiveness is the ability of an organism to sense ehanges 
in its external or internal environment and make the 
adjustments that help maintain its life. Responses include 
movement toward food or water and away from danger or poor 
environmental eonditions. Organisms ean also make 
adjustments that maintain their internal environment. For 
example, when a hot environment causes body temperature to 
inerease, sweat glands produce sweat, which lowers body 
temperature baek toward normal levels. 

4. Growth results in an inerease in the size of all or part of an 
organism. It ean result from an inerease in eell number, eell 
size, or the amount of substance surrounding eells. For 
example, bones beeome larger as the number of bone eells 
inereases and they surround themselves with bone matrix. 

3. Development includes the ehanges an organism undergoes 
through time, beginning with fertilization and ending at 
death. The greatest developmental ehanges occur before birth, 
but many ehanges occur after birth, and some continue 
throughout life. Development usually involves growth, but it 
also involves differentiation. DifFerentiation is ehange in eell 
structure and fimetion from generalized to speeialized. For 
example, following fertilization, generalized eells speeialize to 
beeome speeifie eell types, such as skin, bone, muscle, or nerve 
eells. These differentiated eells form the tissues and organs. 


6. Reproduction is the formation of new eells or new organisms. 
Without reproduction of eells, growth and tissue repair are 
impossible. Without reproduction of the organism, the speeies 
beeomes extinct. 

Humans share many eharaeteristies with other organisms, and 
much of the knowledge about humans has eome from studying other 
organisms. For example, the study of baeteria (single-eelled organisms) 
has provided much information about human eells, and great progress 
in open heart surgery was made possible by perfeeting techniques on 
other mammals before attempting them on humans. Because other 
organisms are also different from humans, the ultimate answers to 
questions about humans ean be obtained only from humans. 

8 Deseribe six eharaeteristies of life. 

9 Why is it important to realize that humans share many, but not all, 
eharaeteristies with other animals? 

1.4 Homeostasis 

Homeostasis (hó'mé-ó-stà'sis, homeo-, the same + stasis, standing) 
is the existence and maintenanee of a relatively eonstant environment 
within the body. A small amount of fluid surrounds most eells of the 
body. Normal eell fimetions depend on the maintenanee of the eells’ 
fluid environment within a narrow range of eonditions, including 
temperature, volume, and ehemieal eontent. These eonditions are 
ealled variables because their values ean ehange. For example, body 
temperature is a variable that ean inerease in a hot environment or 
deerease in a eold environment. 

Homeostatie meehanisms, such as sweating or shivering, nor- 
mally maintain body temperamre near an ideal normal value, or set 
point (figure 1.4). Note that these meehanisms are not able to main- 
tain body temperature preeisely at the set point. Instead, body tem- 
peramre inereases and deereases slightly around the set point, 
producing a normal range of values. As long as body temperamres 
remain within this normal range, homeostasis is maintained. 

The organ systems help eontrol the body s internal environment so 
that it remains relatively eonstant. For example, the digestive, respiratory, 
circulatory, and urinary systems fimetion together so that eaeh eell in the 



Time 


Figure 1.4 Homeostasis 

Homeostasis is the maintenanee of a variable, such as body temperature, 
around an ideal normal value, or set point.The value of the variable fluctuates 
around the set point to establish a normal range of values. 
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body reeeives adequate oxygen and nutrients and so that waste products 
do not accumulate to a toxic level. If the fluid surrounding eells deviates 
from homeostasis, the eells do not fhnetion normally and ean even die. 
Disease dismpts homeostasis and sometimes results in death. 

Negative Feedbaek 

Most systems of the body are regulated by negative-feedbaek meeha- 
nisms, which maintain homeostasis. Negative means that any deviation 
from the set point is made smaller or is resisted. Negative feedbaek does 
not prevent variation but maintains variation within a normal range. 

Many negative-feedbaek meehanisms have three eomponents: a 
reeeptor, which monitors the value of a variable; a eontrol eenter, 
which reeeives information about the variable from the reeeptor, 
establishes the set point, and eontrols the effeetor; and an effeetor, 
which produces responses that ehange the value of the variable. 

The maintenanee of normal blood pressure is an example of a 
negative-feedbaek meehanism. Normal blood pressure is neeessary for 
the movement of blood from the heart to tissues. The blood supplies 
the tissues with oxygen and nutrients and removes waste products, 
thus maintaining tissue homeostasis. Several negative-feedbaek meeh- 
anisms regulate blood pressure, and they are deseribed more fully in 
ehapters 17 and 18. One of these negative-feedbaek meehanisms 
regulating blood pressure is deseribed here. Reeeptors that monitor 
blood pressure are loeated within large blood vessels near the heart and 
the head. A eontrol eenter in the brain reeeives signals sent through 
nerves from the reeeptors. The eontrol eenter evaluates the informa- 
tion and sends signals through nerves to the heart. The heart is the 
effeetor, and the heart rate inereases or deereases in response to signals 
from the brain (figure 1.5). As heart rate inereases, blood pressure 
inereases, and as heart rate deereases, blood pressure deereases. 

If blood pressure inereases slightly, reeeptors deteet the inerease 
and send that information to the eontrol eenter in the brain. The 
eontrol eenter causes heart rate to deerease, resulting in a deerease in 
blood pressure. If blood pressure deereases slightly, the reeeptors 
inform the eontrol eenter, which inereases heart rate, thereby pro- 
ducing an inerease in blood pressure (figure 1.6). As a result, blood 
pressure eonstantly rises and falls within a normal range of values. 


Prediet 



Donating a pint of blood reduces blood volume, which results in a deerease in 
blood pressure (just as air pressure in a tire deereases as air is let out of the 
tire). What effeet does donating blood have on heart rate? What would happen 
if a negative-feedbaek meehanism did not return the value of some parameter, 
such as blood pressure, to its normal range? 


CASE STIIDY 


Orthostatie Hypotension 


Molly is a 75-year-old widow who lives alone. For 2 days, she had a fever 
and ehills and stayed mostly in bed. Upon rising to go to the bathroom, 
she felt dizzy, fainted, and fell to the floor. Molly quickly regained eon- 
sciousness and managed to eall her son, who took her to the emergeney 
room, where a physieian diagnosed orthostatie hypotension. 

Orthostasis literally means to stand and hypotension refers to low 
blood pressure. Orthostatie hypotension is a signifìeant drop in blood 
pressure on standing. When a person movesfrom lying down to standing, 
blood"pools"within the veins belowthe heart because of gravity, and less 
blood returns to the heart. Consequently, blood pressure deereases 

because the heart has less blood to pump. 
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Although orthostatie hypotension has many causes, in the elderly it ean 
be due to age-related deereases in neural and cardiovascular responses. 
Dehydration ean result from deereased fluid intake while feeling ill and 
sweating due to a fever. Dehydration ean deerease blood volume and 
lower blood pressure, inereasing the likelihood of orthostatie hypoten- 
sion. Use figure 1.5 to answer the following: 

a. Deseribe the normal response to a deerease in blood pressure upon 
standing. 

b. What happened to Molly's heart rate just before she fainted? Why 
did Molly faint? 

e. How did Molly's fainting and falling to the floor assist in establishing 
homeostasis (assuming she was not injured)? 


/ 


1. Reeeptors monitor the value of a variable. In this 
ease, reeeptors in the wall of a blood vessel 
monitor blood pressure. 

2. Information about the value of the variable is 
sent to a eontrol eenter. In this ease, nerves 
send information to the part of the brain 
responsible for regulating blood pressure. 

3. The eontrol eenter eompares the value of the 
variable against the set point. 

4. If a response is neeessary to maintain 
homeostasis, the eontrol eenter causes an 
effeetor to respond. In this ease, nerves send 
information to the heart. 

5. An effeetor produces a response that maintains 
homeostasis. In this ease, ehanging heart rate 
ehanges blood pressure. 



O 

Reeeptors monitor 
blood pressure. 


O 

Control eenter 
(brain) 


O 

Effeetor (heart) 
responses ehange 
blood pressure. 


Proeess Figure 1.5 Negative-Feedbaek Meehanism: Blood Pressure 
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Reeeptors in blood vessels deteet the 
inerease in blood pressure and a eontrol 
eenter in the brain alters heart rate. 


/ 




Heart rate deereases. 


V_ 


J 





Blood pressure inereases: 

Homeostasis Disturbed 


Blood pressure deereases 

Homeostasis Restored 




CD 





Reeeptors in blood vessels deteet the 
deerease in blood pressure and a eontrol 
eenter in the brain alters heart rate. 
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Heart rate inereases. 


V 




Homeostasis Figure 1.6 summary of Negative-Feedbaek Meehanism: Blood Pressure 

Blood pressure is maintained within a normal range by negative-feedbaek meehanisms. 


Although homeostasis is the maintenanee of a normal range of 
values, this does not mean that all variables are maintained within the 
same narrow range of values at all times. Sometimes a deviation from 
the usual range of values ean be benefieial. For example, during exercise 
the normal range for blood pressure differs from the range under resting 
eonditions, and the blood pressure is signifieantly elevated (figure 1.7). 
Muscle eells require inereased oxygen and nutrients and inereased 
removal of waste products to support their inereased level of aetivity dur- 
ing exercise. Elevated blood pressure inereases blood delivery to muscles, 
which maintains muscle eell homeostasis during exercise by inereasing 
the delivery of oxygen and nutrients and the removal of waste products. 

10 Define homeostasis, variable, setpoint, and normal range of values. If a 
deviation from homeostasis occurs, what meehanism restores it? 

11 What are the three eomponents of many negative-feedbaek 
meehanisms? How do they maintain homeostasis? 




Explain how negative-feedbaek meehanisms eontrol respiratory rates when a 
person is at rest and when a person is exercising. 


Positive Feedbaek 

Positive-feedbaek meehanisms are not homeostatie and are rare 
in healthy individuals. Positive implies that, when a value deviates 
from normal, the system's response makes the deviation even 
greater (figure 1.8). Positive feedbaek therefore usually ereates 
a eyele leading away from homeostasis and in some eases results 
in death. 

An example of positive feedbaek is inadequate delivery of 
blood to eardiae (heart) muscle. Contraction of eardiae muscle 
generates blood pressure and moves blood through blood vessels to 
tissues. A system of blood vessels on the outside of the heart 
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Figure 1.7 ehanges in Blood Pressure During Exercise 

During exercise, muscle tissue needs more oxygen. An inerease in blood pressure 
(BP) results in an inerease in blood flow and delivery of oxygen to the tissues. 
The inereased blood pressure is not an abnormal or a nonhomeostatie eondition 
but is a resetting of the normal homeostatie range to meet the inereased need 
for oxygen. The reset range is higher and broader than the resting range. After 
exercise eeases, the range returns to that of the resting eondition. 


provides eardiae muscle with a blood supply sufficient to allow 
normal eontraetions to occur. In effeet, the heart pumps blood to 
itself. Just as with other tissues, blood pressure must be maintained 
to ensure adequate delivery of blood to eardiae muscle. Following 
extreme blood loss, blood pressure deereases to the point at which 
the delivery of blood to eardiae muscle is inadequate. As a result, 
eardiae muscle homeostasis is dismpted, and eardiae muscle does 
not ffinetion normally. The heart pumps less blood, which causes 
the blood pressure to drop even ffirther. The additional deerease in 
blood pressure causes less blood delivery to eardiae muscle, and the 
heart pumps even less blood, which again deereases the blood pres- 
sure (figure 1.9). The proeess continues until the blood pressure is 
too low to sustain the eardiae muscle, the heart stops beating, and 
death results. 



Homeostasis is 
not maintained. 


Figure 1.8 Positive Feedbaek 

Deviations from the normal set point cause an additional deviation away from 
that value in either a positive or negative direetion. 




Figure 1.9 Example of Harmful Positive Feedbaek 

A deerease in blood pressure below the normal range causes deereased 
blood flow to the heart. The heart is unable to pump enough blood to 
maintain blood pressure, and blood flow to the eardiae muscle deereases. 
Thus, the heart's ability to pump deereases further, and blood pressure 
deereases even more. 


Following a moderate amount of blood loss (e.g., after donating 
a pint of blood), negative-feedbaek meehanisms result in an inerease 
in heart rate and other responses that restore blood pressure. If blood 
loss is severe, however, negative-feedbaek meehanisms may not be 
able to maintain homeostasis, and the positive-feedbaek effeet of an 
ever-deereasing blood pressure ean develop. 

Circumstances in which negative-feedbaek meehanisms are not 
adequate to maintain homeostasis ilffistrate a basie prineiple. Many 
disease states result from the faiffire of negative-feedbaek meehanisms 
to maintain homeostasis. The purpose of medieal therapy is to over- 
eome illness by assisting negative-feedbaek meehanisms. For exam- 
ple, a transffision reverses a eonstantly deereasing blood pressure and 
restores homeostasis. 

A few positive-feedbaek meehanisms do operate in the body 
under normal eonditions, but in all eases they are eventually lim- 
ited in some way. Birth is an example of a normally occurring 
positive-feedbaek meehanism. Near the end of pregnaney, the 
uterus is stretehed by the baby’s large size. This stretehing, espe- 
eially around the opening of the uterus, stimffiates eontraetions of 
the uterine muscles. The uterine eontraetions push the baby 
against the opening of the uterus, stretehing it farther. This 
stimffiates additional eontraetions that resffit in additional 
stretehing. This positive-feedbaek sequence ends only when the 
baby is delivered from the uterus and the stretehing stimulus is 
eliminated. 

12 Define positive feedbaek. Why are positive-feedbaek meehanisms 
often harmful? Give an example of a harmful and a benefieial 
positive-feedbaek meehanism. 
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Is the sensation of thirst assoeiated with a negative- or a positive-feedbaek 
meehanism? Explain. [Hint: What is being regulated when one beeomes thirsty?) 


1.5 Terminology and 

the Body Plan 

When you begin to study anatomy and physiology, the number 
of new words may seem overwhelming. Learning is easier and 
more interesting if you pay attention to the origin, or etymology 
(et'é-mol'o-jè), of new words. Most of the terms are derived from 
Latin or Greek and are deseriptive in the original languages. For 
ex 2 impìc, foramen is a Latin word for hole, and magnum means large. 
The foramen magnum is therefore a large hole in the skull through 
which the spinal eord attaehes to the brain. 

Words are often modified by adding a prefix or suffix. The suffix 
-itis means an inflammation; so appendieitis is an inflammation of 
the appendix. As new terms are introduced in this text, their mean- 
ings are often explained. The glossary and the list of word roots, 
prefixes, and suffixes on the inside baek eover of the textbook provide 
additional information about the new terms. 


Body Positions 

Anatomieal position refers to a person standing ereet with the faee 
direeted forward, the upper limbs hanging to the sides, and the 
palms of the hands faeing forward (figure 1.10). A person is supine 
when lying faee upward and prone when lying faee downward. 

The position of the body ean affeet the deseription of body 
parts relative to eaeh other. In the anatomieal position, the elbow is 
above the hand, but in the supine or prone position, the elbow and 
hand are at the same level. To avoid confusion, relational deserip- 
tions are always based on the anatomieal position, no matter the 
actual position of the body. Thus, the elbow is always deseribed as 
being above the wrist, whether the person is lying down or is even 
upside down. 

13 What is the anatomieal position in humans? Why is it important? 

14 Define supine and prone. 

Direetional Terms 

Direetional terms deseribe parts of the body relative to eaeh other 
(see figure 1.10 and table 1.1). It is important to beeome familiar 
with these direetional terms as soon as possible because you will 


Distal 


Distal 



Proximal 


Proximal 



Superior 


Inferior 



Anterior 

< - 

(Ventral) 








/ 






L 


A 


Posterior 
(Dorsal) 




A 


Proximal 


Distal 


t 


Superior 


Inferior 



Figlire 1.10 Direetional Terms 

All direetional terms are in relation to the body in the anatomieal position: a person standing ereet with the faee direeted forward, the arms hanging to the sides, and 
the palms of the hands faeing forward. 
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Table 1.1 


Direetional Terms for Humans 


Terms 

Etymology* 

Defìnition 

Example 

Right 


Toward the right side of the body 

The right ear 

Left 


Toward the left side of the body 

The left eye 

Superior 

L., higher 

A structure above another 

The ehin is superior to the navel. 

Inferior 

L., lower 

A structure below another 

The navel is inferior to the ehin. 

Cephalic 

G. kephale, head 

Closer to the head than another 
structure (usually synonymous 
with superior) 

The ehin is eephalie to the navel. 

Caudal 

L. cauda, a tail 

Closer to the tail than another 
structure (usually synonymous with inferior ) 

The navel is caudal to the ehin. 

Anterior 

L., before 

The front of the body 

The navel is anterior to the vertebral column (spine). 

Posterior 

L. posterus, following 

The baekof the body 

The spine is posterior to the sternum (breastbone). 

Ventral 

L. ventr-, belly 

Toward the belly (synonymous with anterior ) 

The navel is ventral to the spine. 

Dorsal 

L. dorsum, baek 

Toward the baek (synonymous with posterior ) 

The spine is dorsal to the sternum. 

Proximal 

Lproximus, nearest 

Closer to the point of attaehment 
to the body than another structure 

The elbow is proximal to the wrist. 

Distal 

L. di- plus sto, to stand apart 
or be distant 

Farther from the point of attaehment 
to the body than another structure 

The wrist is distal to the elbow. 

Lateral 

L. Iatus, side 

Away from the midline of the body 

The nipple is lateral to the sternum. 

Medial 

L. medialis, middle 

Toward the midline of the body 

The bridge of the nose is medial to the eye. 

Superficial 

L. superficialis, 
toward the surface 

Toward or on the surface 
(not shown in figure 1.10) 

The skin is superficial to muscle. 

Deep 

O.E. deop, deep 

Away from the surface, internal 
(not shown in figure 1.10) 

The lungs are deep to the ribs. 






* 


Origin and meaning of the word: L., Latin; G., Greek; O.E., Old English. 


see them repeatedly throiighoiit the text. Right and left are retained 
as direetional terms in anatomieal terminology. Up is replaeed by 
superior, down by inferior. In humans, superior is synonymous 
with eephalie (se-fal'ik), which means toward the head, because, 
when we are in the anatomieal position, the head is the highest 
point. In humans, the term inferior is synonymous with caudal 
(kaw'dàl), which means toward the tail, which would be loeated at 
the end of the vertebral column if humans had tails. The terms 
eephalie and caudal ean be used to deseribe direetional movements 
on the trunk, but they are not used to deseribe direetional move- 
ments on the limbs. 

Proximal means nearest, whereas distal means distant. These 
terms are used to refer to linear structures, such as the limbs, in which 
one end is near some other structure and the other end is farther away. 
Eaeh limb is attaehed at its proximal end to the body, and the distal end, 
such as the hand, is farther away. 

In anatomieal terminology, front is replaeed by anterior, baek by 
posterior. The word anterior means that which goes before, and 
ventral means belly. The anterior surface of the human body is there- 
fore the ventral surface, or belly, because the belly “goes first” when 
we are walking. The word posterior means that which follows, and 
dorsal means baek. The posterior surface of the body is the dorsal 
surface, or baek, which follows as we are walking. 

Medial means toward the midline, and lateral means away from 
the midline. The nose is loeated in a medial position in the faee, and 


the eyes are lateral to the nose. The term superficial refers to a struc- 
ture elose to the surface of the body, and deep is toward the interior 
of the body. The skin is superficial to muscle and bone. 

15 List two terms that in humans indieate toward the head. Name two 
terms that mean the opposite. 

16 List two terms that indieatethe baekin humans. Whattwoterms 
mean the front? 

17 Define the following terms, and give the word that means the 
opposite: proximal, lateral, and superficial. 


Prediet 



Use as many direetional terms as you ean to deseribe the relationship between 
your patella (kneeeap) and your heel. 


Body Parts and Regions 

A number of terms are used when referring to different regions or 
parts of the body (figure 1.11). The upper limb is divided into the 
arm, forearm, wrist, and hand. The arm extends from the shoulder 
to the elbow, and the forearm extends from the elbow to the wrist. 
The lower limb is divided into the thigh, leg, ankle, and foot. The 
thigh extends from the hip to the knee, and the leg extends from the 
knee to the ankle. Note that, eontrary to popular usage, the terms 
arm and leg refer to only a part of the respeetive limbs. 










13 


The Human Organism 


Frontal (forehead) 
Orbital (eye) 

Nasal (nose) 

Oral (mouth) 


Oervieal (neek) 



Peetoral 
(ehest) 

Sternal 
(breastbone) 

Mammary 
(breast) 

Abdominal 
(abdomen) 

llmbilieal 
(navel) 

Pelvie 
(pelvis) 

lnguinal 
(groin) 

Pubic 
(genital) 

Femoral (thigh) 


Patellar (kneeeap) 


Crural (leg) 


Pedal 

Talus (ankle) 

Dnrííijm 

(foot) 

(top of foot) 

(a) 

Digital (toes) 



y * t t 


Otie (ear) 
Buccal (eheek) 

Mental (ehin) 


Clavicular 

(eollarbone) 

Axillary (armpit) 
Braehial (arm) 


Antecubital 
(front of elbow) 

Antebraehial 

(forearm) 


Oarpal (wrist) 


Palmar 

(palm) 

Digital 

(fingers) 


Manual 

(hand) 


Coxal (hip) 


Oeeipital (base of skull) 
Nuchal (baek of neek) - 



Oranial (skull) 


Oervieal (neek) 


Aeromial (point of shoulder) — 
Scapular (shoulder blade) 

Dorsal (baek) 

Vertebral (spinal column) 


Oleeranon (point of elbow) 
Lumbar (loin) - 


Saeral (between hips) 


Dorsum (baek of hand) 


Gluteal (buttock) 


Perineal (perineum) 


Popliteal (hollow behind knee) 


Sural (ealf) 


Plantar (sole) 

Oaleaneal (heel) 

(b) 



Llpper limb 


Lower limb 


Figure 1.11 Body Parts and Regions 

The anatomieal and eommon {in parentheses ) names are indieated for some parts and regions of the body. ( a ) Anterior view. ( b ) Posterior view. 


The eentral region of the body eonsists of the head, neek, and 
trunk. The trunk ean be divided into the thorax (ehest), abdomen 
(region between the thorax and pelvis), and pelvis (the inferior end 
of the trunk assoeiated with the hips). 

The abdomen is often subdivided superficially into four quad- 
rants by two imaginary lines—one horizontal and one vertieal— 
that interseet at the navel (figure Ì.l2a). The quadrants formed are 
the right-upper, left-upper, right-lower, and left-lower quadrants. 
In addition to these quadrants, the abdomen is sometimes subdi- 
vided into nine regions by four imaginary lines—two horizontal 
and two vertieal. These four lines ereate an imaginary tie-tae-toe 
figure on the abdomen, resulting in nine regions: epigastrie 
(ep-i-gas'trik), right and left hypoehondriae (hl-pó-kon'dré-ak), 
umbilical (um-bil'i-kàl), right and left lumbar (litm'bar), hypogas- 
trie (hl-pó-gas'trik), and right and left iliae (il'è-ak) (figure 1.12^). 
Health professionals use the quadrants or regions as referenee 
points for loeating the underlying organs. For example, the appen- 
dix is loeated in the right-lower quadrant, and the pain of an acute 
appendieitis is usually felt there. 


18 What is the differenee between the arm and the upper limb? 

Between the leg and the lower limb? 

19 Deseribe the quadrant and nine-region methods of subdividing the 
abdominal region. What is the purpose of these subdivisions? 

Planes 

At times it is useful to discuss the body in referenee to a series of 
planes (imaginary flat surfaces) passing through it (figure 1.13). 
Seetioning the body is a way to “look inside” and observe the body’s 
structures. A sagittal (saj'i-tàl) plane runs vertieally through the 
body and separates it into right and left parts. The word sagittal 
literally means the flight of an arrow and refers to the way the body 
would be split by an arrow passing anteriorly to posteriorly. A 
median plane is a sagittal plane that passes through the midline of 
the body and divides it into equal right and left halves. A transverse 
(trans-vers') plane, or horizontal plane, runs parallel to the surface 
of the ground and divides the body into superior and inferior parts. 
A frontal plane, or eoronal (kór'ó-nàl, kó-ró'nal) plane, runs 
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Figure 1.12 Subdivisions of the Abdomen 

Lines are superimposed over internal organs to demonstrate the subdivisions they lie in. (a) Abdominal quadrants. ( b ) There are nine abdominal regions. 


vertieally from right to left and divides the body into anterior and 
posterior parts. 

Organs are often seetioned to reveal their internal structure 
(figure 1.14). A longitudinal seetion is a cut through the long axis 
of the organ; a eross seetion, or transverse seetion, is a cut at a right 
angle to the long axis; and an oblique seetion is a cut made aeross 
the long axis at other than a right angle. 

20 Definethethree planes ofthe body. 

21 In what three ways ean an organ be cut? 

Body eavities 

The body eontains many eavities. Some of these eavities, such as the 
nasal eavity, open to the outside of the body, and some do not. The 
trunk eontains three large eavities that do not open to the outside of 
the body: the thoraeie eavity, the abdominal eavity, and the pelvie 
eavity (figure 1.15). The rib eage surrounds the thoraeie eavity, and 
the muscular diaphragm separates it from the abdominal eavity. A 
median structure ealled the mediastimim (mé 'dé-as-tl'num, wall) 
divides the thoraeie eavity into right and left parts. The mediastinum 
is a partition eontaining the heart, thymus, traehea, esophagus, and 
other structures. The two lungs are loeated on either side of the 
mediastinum. 

Abdominal muscles primarily enelose the abdominal eavity, 
which eontains the stomaeh, intestines, liver, spleen, panereas, and 
kidneys. Pelvie bones enease the small spaee known as the pelvie 
eavity, where the urinary bladder, part of the large intestine, and the 
internal reproductive organs are housed. The abdominal and pelvie 


eavities are not physieally separated and sometimes are ealled the 
abdominopelvie (ab-dom'i-nò-pel'vik) eavity. 

22 What structure separates the thoraeie eavity from the abdominal 
eavity? The abdominal eavity from the pelvie eavity? 

23 What structure divides the thoraeie eavity into right and left parts? 

Serous Membranes 

Serous (sér'irs) membranes eover the organs of the trunk eavities and 
line the trunk eavities. Imagine an inflated balloon into which a fist 
has been pushed (figure 1.16). The fist represents an organ and the 
balloon represents a serous membrane. The inner balloon wall in eon- 
taet with the fist (organ) represents the viseeral (vis'er-àl, organ) 
serous membrane, and the outer part of the balloon wall represents 
the parietal (pà-ri'é-tàl, wall) serous membrane. The eavity or spaee 
between the viseeral and parietal serous membranes is normally filled 
with a thin, lubricating film of serous fluid produced by the mem- 
branes. As an organ rubs against another organ or against the body 
wall, the serous fluid and smooth serous membranes fimetion to 
reduce frietion. 

The thoraeie eavity eontains three serous membrane-lined 
eavities: a perieardial eavity and two pleural eavities. The periear- 
dial (per-i-kar'dè-àl, around the heart) eavity surrounds the 
heart (figure 1.1 7d). The viseeral pericardium eovers the heart, 
which is eontained within a eonneetive tissue sae lined with the 
parietal pericardium. The perieardial eavity is loeated between the 
viseeral pericardium and the parietal pericardium and eontains 
perieardial fluid. 
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(b) Sagittal seetion of the head 
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(e) Transverse seetion through the abdomen 
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Figlire 1.13 Planes of the Body 

{a) Planes through the body are indieated by "glass"sheets. Also shown are seetions through 
(ò) the head (vievved from theright), (e) the abdomen ( inferiorvievv ), and (ef) the hip ( anteriorvievv ). 


(d) Frontal seetion through the right hip 
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Figure 1.14 Planes Through an organ 

Planes through the small intestine are indieated by "glass"sheets.The views 
of the small intestine after seetioning are also shown. Although the small 
intestine is basieally a tube, the seetions appear quite different in shape. 


A pleural (ploor'àl, assoeiated with the ribs) eavity surrounds 
eaeh lung, which is eovered by viseeral pleura (figure 1.17^). Parietal 
pleura lines the inner surface of the thoraeie wall, the lateral surfaces of 
the mediastinum, and the superior surface of the diaphragm. The 
pleural eavity is loeated between the viseeral pleura and parietal 
pleura and eontains pleural fluid. 

The abdominopelvie eavity eontains a serous membrane-lined 
eavity ealled the peritoneal (per'i-tò-né'àl, to streteh over) eavity 
(figure 1.17c). Viseeral peritoneum eovers many of the organs of the 
abdominopelvie eavity. Parietal peritoneum lines the wall of the 
abdominopelvie eavity and the inferior surface of the diaphragm. 
The peritoneal eavity is loeated between the viseeral peritoneum and 
parietal peritoneum and eontains peritoneal fluid. 


inflammation of Serous Membranes 

The serous membranes ean beeome inflamed—usually as a result 
of an infeetion. Periearditis (per'i-kar-dí'tis) is inflammation of the 
pericardium, pleurisy (ploor'i-sè) is inflammation of the pleura, and 
peritonitis (per'i-to-nl'tis) is inflammation of the peritoneum. Viseeral 
peritoneum eovers the appendix, which is a small, wormlike sae 
attaehed to the large intestine. An infeetion of the appendix 
ean rupture its wall, releasing baeteria into the peritoneal eav- 
ity, resulting in peritonitis. Appendieitis is the most eommon 
cause of emergeney abdominal surgery in ehildren and it 
often leads to peritonitis. 
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Figure 1.15 Trunk eavities 

(a) Anterior view showing the major trunk eavities.The diaphragm separates the thoraeie eavity from the abdominal eavity.The mediastinum, which includes the 
heart, is a partition of organs dividing the thoraeie eavity. ( b ) Sagittal seetion of the trunk eavities viewed from the left.The dashed line shows the division between the 
abdominal and pelvie eavities.The mediastinum has been removed to show the thoraeie eavity. 
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Figure 1.16 Seroiis Membranes 

(a) Afist pushing into a balloon. A"glass"sheet indieatesthe loeation ofa eross seetion through the balloon. (b) lnteriorview produced by the seetion in (a).Thefist 
represents an organ, the walls of the balloon represent the serous membranes.The inner wall of the balloon represents a viseeral serous membrane in eontaet with 
thefist (organ).The outer wall ofthe balloon represents a parietal serous membrane. 
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Figure 1.17 Loeation of Serous Membranes 

(a) Frontal seetion showing the parietal pericardium (blue), viseeral 
pericardium ( red ), and perieardial eavity. (b) Frontal seetion showing the 
parietal pleura (blue), viseeral pleura (red), and pleural eavities. (e) Sagittal 
seetion through the abdominopelvie eavity showing the parietal peritoneum 
(blue), viseeral peritoneum (red), peritoneal eavity, mesenteries (purple), and 
retroperitoneal organs. 
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Mesenteries (mes'en-ter-èz), which eonsist of two layers of peri- 
toneum fused together (see figure 1.17r), eonneet the viseeral perito- 
neum of some abdominopelvie organs to the parietal peritoneum on 
the body wall or to the viseeral peritoneum of other abdominopelvie 
organs. The mesenteries anehor the organs to the body wall and pro- 
vide a pathway for nerves and blood vessels to reaeh the organs. Other 
abdominopelvie organs are more elosely attaehed to the body wall and 
do not have mesenteries. Parietal peritoneum eovers these other 
organs, which are said to be retroperitoneal (re'trò-per'i-tò-nè'àl, 
retro, behind + peritoneum). The retroperitoneal organs include the 
kidneys, the adrenal glands, the panereas, parts of the intestines, and 
the urinary bladder (see figure l.l4c). 

Summary 

1.1 Anatomy and Physiology <p. 2) 

1. Anatomy is the study of the structures of the body. 

2. Systemie anatomy is the study of the body by organ systems. Regional 
anatomy is the study of the body by areas. 

3. Surface anatomy uses superficial structures to loeate deeper structures, 
and anatomieal imaging is a noninvasive method for examining deep 
structures. 

4. Physiology is the study of the proeesses and fimetions of the body. 

It ean be approaehed aeeording to the organism involved (e.g., human) 
or level of organization (e.g., cellular or systemie). 

1.2 Structural and Functional 

Organization <p. 2) 

1. The human body ean be organized into six levels: ehemieal (atoms and 
molecules), eell, tissue (groups of similar eells and the materials 
surrounding them), organ (two or more tissues that perform one or 
more eommon fimetions), organ system (groups of organs with 
eommon fimetions), and organism. 

2. The 11 organ systems are the integumentary, skeletal, muscular, 
nervous, endoerine, cardiovascular, lymphatie, respiratory, digestive, 
urinary, and reproductive systems (see figure 1.2). 

1.3 eharaeteristies of Life <p. 7) 

The eharaeteristies of life include organization, metabolism, responsiveness, 
growth, development, and reproduction. 

1.4 Homeostasis (p. d 

1. Homeostasis is the existence and maintenanee of a relatively eonstant 
internal environment. 

2. Variables, such as body temperature, are maintained around a set point, 
resulting in a normal range of values. 

Negative Feedbaek 

1. Negative-feedbaek meehanisms maintain homeostasis. 

2. Many negative-feedbaek meehanisms eonsist of a reeeptor, a eontrol 
eenter, and an effeetor. 

Positive Feedbaek 

1. Positive-feedbaek meehanisms make deviations from normal even greater. 

2. Although a few positive-feedbaek meehanisms normally exist in the 
body, most positive-feedbaek meehanisms are harmfiil. 


24 Define serous membrones. Differentiate between parietal and viseeral 
serous membranes. What is the function of the serous membranes? 

25 Name the serous membrane-lined eavities of the trunk. 

26 What are mesenteries? Explain their function. 

27 What are retroperitoneal organs? List five examples. 


Predìet 



A bullet enters the left side of a male, passes through the left lung, and lodges 
in the heart. Name in order the serous membranes and their eavities through 
which the bullet passes. 


1.5 Term nology and the Body Plan <p. 11) 

Body Positions 

1. A human standing ereet with the faee direeted fonvard, the arms hanging 
to the sides, and the palms faeing forward is in the anatomieal position. 

2. A person lying faee upward is supine and faee downward is prone. 

Direetional Terms 

Direetional terms always refer to the anatomieal position, regardless of the 

body’s actual position (see table 1.1). 

Body Parts and Regions 

1. The body ean be divided into the upper limbs, lower limbs, head, neek, 
and trunk. 

2. The abdomen ean be divided superficially into four quadrants or nine 
regions that are useful for loeating internal organs or deseribing the 
loeation of a pain. 

Planes 

1. A sagittal plane divides the body into left and right parts, a transverse 
plane divides the body into superior and inferior parts, and a frontal 
(eoronal) plane divides the body into anterior and posterior parts. 

2. A longimdinal seetion divides an organ along its long axis, a eross 
(transverse) seetion cuts an organ at a right angle to the long axis, and 
an oblique seetion cuts aeross the long axis at an angle other than a 
right angle. 

Body eavities 

1. The thoraeie eavity is bounded by the ribs and the diaphragm. The 
mediastinum divides the thoraeie eavity into two parts. 

2. The abdominal eavity is bounded by the diaphragm and the abdominal 
muscles. 

3. The pelvie eavity is surrounded by the pelvie bones. 

Serous Membranes 

1. Serous membranes line the trunk eavities. The parietal part of a serous 
membrane lines the wall of the eavity, and the viseeral part is in eontaet 
with the internal organs. 

2. The serous membranes seerete serous fluid that fills the spaee between 
the parietal and viseeral membranes. The serous membranes proteet 
organs from frietion. 

3. The perieardial eavity surrounds the heart, the pleural eavities surround 
the lungs, and the peritoneal eavity surrounds eertain abdominal and 
pelvie organs. 
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4. Mesenteries are parts of the peritonetim that hold the abdominal organs 
in plaee and provide a passageway for blood vessels and nerves to 
organs. 


5. Retroperitoneal organs are loeated “behind” the parietal peritoneum. 
The kidneys, the adrenal glands, the panereas, parts of the intestines, 
and the urinary bladder are examples of retroperitoneal organs. 



i.i Anatomy and Physiology (p. 2 ) 

1. Physiology 

a. deals with the proeesses or functions of living things. 

b. is the seientifie diseipline that investigates the body’s structures. 

e. is eoneerned with organisms and does not deal with different levels 
of organization, such as eells and systems. 

d. reeognizes the statie (as opposed to the dynamie) nature of living 
things. 

e. ean be used to study the human body without eonsidering anatomy. 


1.2 straetiiral and Functional 

Organization (p. d 


2. The following are organizational levels for eonsidering the body. 

1. eell 4. organ system 

2. ehemieal 5. organism 

3. organ 6. tissue 


Choose the eorreet order for these organizational levels, from smallest 
to largest. 


a. 1,2,3,6,4,3 e. 3,1,6,4,3,2 e. 1,6,5,3,4,2 

b. 2,1,6,3,4,5 d. 2,6,1,3,5,4 


For questions 3-8, mateh eaeh organ system with its eorreet function. 

a. regulates other organ systems 

b. removes waste products from the blood; maintains water balanee 
e. regulates temperature; reduces water loss; provides proteetion 

d. removes foreign substances from the blood; eombats disease; 
maintains tissue fluid balanee 

e. produces movement; maintains posture; produces body heat 

3. endoerine system 

4. integumentary system 

5. lymphatie system 

6. muscular system 

7. nervous system 

8. urinary system 


1.3 Oharaeteristies of Life (p. 7) 

9. The eharaeteristie of life that is defined as “all of the ehemieal and 
physieal ehanges taking plaee in an organism” is 

a. development. e. metabolism. e. responsiveness. 

b. growth. d. organization. 

1.4 Homeostasis (p. d 

10. Negative-feedbaek meehanisms 

a. make deviations from the set point smaller. 

b. maintain homeostasis. 

e. are assoeiated with an inereased sense of hunger the longer a person 
goes without eating. 
d. all of the above. 


11. The following events are part of a negative-feedbaek meehanism. 

1. Blood pressure inereases. 

2. The eontrol eenter eompares actual blood pressure to the blood 
pressure set point. 

3. The heart beats faster. 

4. Reeeptors deteet a deerease in blood pressure. 

Choose the arrangement that lists the events in the order they occur. 

a. 1,2,3,4 b. 1,3,2,4 e. 3,1,4,2 d. 4,2,3,1 e. 4,3,2,1 

12. Which of these statements eoneerning positive feedbaek is eorreet? 

a. Positive-feedbaek responses maintain homeostasis. 

b. Positive-feedbaek responses occur continuously in healthy 
individuals. 

e. Birth is an example of a normally occurring positive-feedbaek 
meehanism. 

d. When eardiae muscle reeeives an inadequate supply of 
blood, positive-feedbaek meehanisms inerease blood flow to 
the heart. 

e. Medieal therapy seeks to overeome illness by aiding positive- 
feedbaek meehanisms. 

1.5 Terminology and the Body Plan <p. rn 

13. The elaviele (eollarbone) is_to the nipple of the breast. 

a. anterior e. superficial e. ventral 

b. distal d. superior 

14. The term that means nearer to the attaehed end of a limb is 

a. distal. e. medial. e. superficial. 

b. lateral. d. proximal. 

15. Which of these direetional terms are paired most appropriately as 
opposites? 

a. superficial and deep 

b. medial and proximal 

e. distal and lateral 

d. superior and posterior 

e. anterior and inferior 

16. The part of the upper limb between the elbow and the wrist is 
ealled the 

a. arm. e. hand. e. lower arm. 

b. forearm. d. inferior arm. 

17. A patient with appendieitis usually has pain in the_ 

quadrant of the abdomen. 

a. left-lower e. left-upper 

b. right-lower d. right-upper 

18. A plane that divides the body into anterior and posterior parts is a 

a. frontal (eoronal) plane. 

b. sagittal plane. 

e. transverse plane. 

19. The pelvie eavity eontains the 

a. kidneys. e. spleen. e. urinary bladder. 

b. liver. d. stomaeh. 
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20. The lungs are 

a. part of the mediastinum. 

b. surrounded by the perieardial eavity. 
e. found within the thoraeie eavity. 

d. separated from eaeh other by the diaphragm. 

e. surrounded by mucous membranes. 

21. Given the following eharaeteristies: 

1. reduce frietion between organs 

2. line fluid-filled eavities 

3. line trunk eavities that open to the exterior of the body 

Which of the eharaeteristies deseribe serous membranes? 
a. 1,2 b. 1,3 e. 2,3 d. 1,2,3 

22. Given the following organ and eavity eombinations: 

1. heart and perieardial eavity 

2. lungs and pleural eavity 

3. stomaeh and peritoneal eavity 

4. kidney and peritoneal eavity 

Which of the organs is eorreetly paired with a spaee that surrounds 
that organ? 

a. 1,2 b. 1,2,3 e. 1,2,4 d. 2,3,4 e. 1,2,3,4 

eritieal Thinking 

1. A man has lost blood as a result of a gunshot wound. Even though the 
bleeding has been stopped, his blood pressure is low and dropping and 
his heart rate is elevated. Following a blood transfusion, his blood 
pressure inereases and his heart rate deereases. Which of the following 
statement(s) is (are) eonsistent with these observations? 

a. Negative-feedbaek meehanisms ean be inadequate without medieal 
intervention. 

b. The transfusion interrupted a positive-feedbaek meehanism. 

e. The inereased heart rate after the gunshot wound and before the 
transfusion is a result of a positive-feedbaek meehanism. 

d. a and b 

e. a, b, and e 

2. The anatomieal position of a eat refers to the animal standing ereet on 
all four limbs and faeing forward. On the basis of the etymology of the 
direetional terms, what two terms indieate movement toward the head? 
What two terms mean movement toward the baek? Compare these 
terms with those referring to a human in the anatomieal position. 

3. Provide the eorreet direetional term for the following statement: When a 

boy is standing on his head, his nose is_to his mouth. 

4. Complete the following statements using the eorreet direetional terms 
for a human being. 

a. The navel is_to the nose. 

b. The heart is_to the sternum (breastbone). 

e. The forearm is_to the arm. 

d. The ear is to the brain. 


23. Which of the following membrane eombinations are found on the 
surface of the diaphragm? 

a. parietal pleura—parietal peritoneum 

b. parietal pleura—viseeral peritoneum 
e. viseeral pleura—parietal peritoneum 

d. viseeral pleura—viseeral peritoneum 

24. Mesenteries 

a. are found in the pleural, perieardial, and abdominopelvie eavities. 

b. eonsist of two layers of peritoneum fused together. 

e. anehor organs, such as the kidneys and urinary bladder, to the 
body wall. 

d. are found primarily in body eavities that open to the outside. 

e. all of the above. 

23. Which of the following organs is not retroperitoneal? 

e. kidneys e. stomaeh 

d. panereas 

Answers in Appendix E 


3. Deseribe in as many direetional terms as you ean the relationship 
between your thumb and your elbow. 

6. Aeeording to “Dear Abby,” a wedding band should be worn elosest to 
the heart, and an engagement ring should be worn as a “guard” on the 
outside. Should a woman’s wedding band be worn proximal or distal to 
her engagement ring? 

7. During pregnaney, which would inerease more in size, the mother’s 
abdominal eavity or pelvie eavity? Explain. 

8. Explain how an organ ean be loeated within the abdominopelvie eavity 
but not be within the peritoneal eavity. 

9. A woman falls while skiing and aeeidentally is impaled by her ski pole. 
The pole passes through the abdominal body wall and into and through 
the stomaeh, pierees the diaphragm, and finally stops in the left lung. 
List, in order, the serous membranes the pole pierees. 

10. Can a kidney be removed without cutting through parietal peritoneum? 
Explain. 

Answers in Appendix F 


a. adrenal glands 

b. urinary bladder 
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2.1 Basie ehemistry 22 

1. Define the terms motter, mass, weight, element, and atom. 

2. Deseribe the structure of an atom. 

3. Define atomie number, mass number, and isotope. 

4. Explain ionie and eovalent bonding. Distinguish between nonpolar 
and polar eovalent bonds. 

5. Deseribe hydrogen bonds. 

6. Distinguish between a molecule and a compound. Defìne dissoeiate, 
eleetrolyte, and noneleetrolyte. 


2.2 ehemieal Reaetions 27 

7. Deseribe and give an example of synthesis, deeomposition, 
dehydration, hydrolysis, and reversible reaetions. 

8. Defìne potential, kinetie, meehanieal, and ehemieal energy. 

9. Deseribe the ehemieal potential energy ehanges that occur during 
the synthesis and deeomposition of adenosine triphosphate (ATP). 

10. List the faetors that affeet the rate of ehemieal reaetions. 


2.3 Aeids and Bases 31 

11. Define aeid and base, and differentiate between a strong aeid or 
base and a weak aeid or base. 

12. Deseribe the pH seale, and define salt and buffer. 

2.4 inorganie ehemistry 33 

13. Explain the importanee of oxygen and earbon dioxide to living 
organisms. 

14. List the properties of water that make it important for living 
organisms. 

2.5 Organie ehemistry 33 

15. Deseribe the ehemieal structure of earbohydrates, and state the role 
of earbohydrates in the body. 

16. List and deseribe the importanee of the major types of lipids. 

17. Deseribe the different structural levels of proteins. 

18. Define enzymes and explain how they work. 

19. Contrast the structure and function of deoxyribonucleic aeid (DNA) 
and ribonucleic aeid (RNA). 


The ehemieal eomposition of the body's structures determines 
their function. This eross seetion of a potassium ehannel protein 
(Kvl.2) shows the four subunits (as different eolored ribbons) 
assembled together to form a pore. A potassium ion (purple ball) 
within the pore passes aeross the plasma membrane. 
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lntroduction 




basie knowledge of ehemistry is essential for under- 

M m 


k 


standing anatomy and physiology. Chemistry is the 
seientifie diseipline eoneerned with the atomie eompo- 
sition and structure of substances and the reaetions they undergo. 
Chemicals eompose the structures of the body, and the interae- 
tions of ehemieals with one another are responsible for the func- 
tions of the body. Nerve impulse generation, digestion, muscle 
eontraetion, and metabolism ean be deseribed in ehemieal terms. 
Many abnormal eonditions and their treatments ean also be 
explained in ehemieal terms. For example, Parkinson disease, 
which causes uncontrolled shaking movements, results from a 
shortage of a ehemieal ealled dopamine in eertain nerve eells in 
the brain. It ean be treated by giving patients another ehemieal 
that brain eells eonvert to dopamine. 


2.1 Basie ehemistry 

Matter, Mass, and VVeight 

All living and nonliving things are eomposed of matter, which is 
anything that occupies spaee and has mass. Mass is the amount of 
matter in an objeet, and weight is the gravitational foree aeting on 
an objeet of a given mass. For example, the weight of an apple results 
from the foree of gravity a pulling” on the apple’s mass. 


Prediet 



The differenee between mass and weight ean be illiistrated by eonsidering an 
astronaut. How would an astronaut's mass and weight in outer spaee eompare 
with his or her mass and weight on the earth's surface? 


The international unit for mass is the kilogram (kg), which is 
the mass of a platinum—iridium eylinder kept at the International 
Bureau of Weights and Measures in Franee. The mass of all other 
objeets is eompared with this eylinder. For example, a 2.2-pound 
lead weight or 1 liter (L) (1.06 qt) of water has a mass of approxi- 
mately 1 kg. An objeet with 1/1000 the mass of the standard kilo- 
gram eylinder is defined to have a mass of 1 gram (g). 

Chemists use a balanee to determine the mass of objeets. 
Although we eommonly refer to weighing an objeet on a balanee, we 
actually are “massing” the objeet because the balanee eompares 
objeets of unknown mass with objeets of known mass. When the 
unknown and known masses are exactly balaneed, the gravitational 
pull of the earth on both of them is the same. Thus, the effeet of 
gravity on the unknown mass is counteracted by the effeet of gravity 
on the known mass. A balanee produces the same results at sea level 
as on a mountaintop because it does not matter that the gravitational 
pull at sea level is stronger than on a mountaintop. It only matters 
that the effeet of gravity on both the unknown and known masses is 
the same. 

1 Define matter. How are the mass and the weight of an objeet 
different? 


Elements and Atoms 

An element is the simplest type of matter with unique ehemieal and 
physieal properties. A list of the elements eommonly found in the 
human body is given in table 2.1. About 96% of the weight of the 
body results from the elements oxygen, earbon, hydrogen, and nitro- 
gen. See appendix A for additional elements. 

An atom (at'óm, indivisible) is the smallest partiele of an ele- 
ment that has the eharaeteristies of that element. An element is 
eomposed of atoms of only one kind. For example, the element ear- 
bon is eomposed of only earbon atoms, and the element oxygen is 
eomposed of only oxygen atoms. 


Table 2.1 


Some eommon Elements 




Atomie 

Mass 

Pereent in Human 

Pereent in Human Body 

Element 

Symbol 

Number 

Number 

Body by Weight 

by Number of Atoms 

Hydrogen 

H 

i 

i 

9.5 

63.0 

Carbon 

C 

6 

12 

18.5 

9.5 

Nitrogen 

N 

7 

14 

3.3 

1.4 

Oxygen 

0 

8 

16 

65.0 

25.5 

Sodium 

Na 

11 

23 

0.2 

0.3 

Phosphorus 

P 

15 

31 

1.0 

0.22 

Sulfur 

S 

16 

32 

0.3 

0.05 

Chlorine 

Cl 

17 

35 

0.2 

0.03 

Potassium 

K 

19 

39 

0.4 

0.06 

Calcium 

Ca 

20 

40 

1.5 

0.31 

Iron 

Fe 

26 

56 

Traee 

Traee 

lodine 

1 

53 

127 

Traee 

Traee 
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An element, or an atom of that element, often is represented by 
a symbol. Usually the first letter or letters of the element’s name are 
used—for example, C for earbon, H for hydrogen, Ca for calcium, 
and C1 for ehlorine. Oeeasionally the symbol is taken from the Latin, 
Greek, or Arabie name for the element—for example, Na from the 
Latin word natrmm is the symbol for sodium. 

2 Define element and atom. What four elements are found in the 
greatest abundance in humans? 


any given eleetron is loeated at any particular moment, the region 
where eleetrons are most likely to be found ean be represented by an 
eleetron cloud (see figure 2.1). The darker the eolor in eaeh small 
volume of the diagram, the greater the likelihood of finding an elee- 
tron there at any given moment. 

3 For eaeh subatomic partiele of an atom, state its eharge and loeation. 
Which subatomic partieles are most responsible for the mass and 
volume of an atom? 


Atomie Structure 

The eharaeteristies of matter result from the structure, organization, 
and behavior of atoms. Atoms are eomposed of subatomic partieles, 
some of which have an eleetrie eharge. The three major types of sub- 
atomie partieles are neutrons, protons, and eleetrons. A neutron 
(noo'tron) has no eleetrie eharge, a proton (prò'ton) has one positive 
eharge, and an eleetron (e-lek'tron) has one negative eharge. The 
positive eharge of a proton is equal in magnitude to the negative 
eharge of an eleetron. The number of protons and eleetrons in eaeh 
atom is equal, and the individual eharges eaneel eaeh other. 
Therefore, eaeh atom is eleetrieally neutral. 

Protons and neutrons form the nucleus at the eenter of an atom, 
and eleetrons are moving around the nucleus (figure 2.1). The 
nucleus accounts for 99.97% of an atoms mass, but only 1 ten- 
trillionth of its volume. Most of the volume of an atom is occupied 
by the eleetrons. Although it is impossible to know preeisely where 

Atom 


Eleetron cloud occupied by Nucleus 



Proton 

(positive eharge) 

Neutron 
(no eharge) 



Figure 2.1 Model of an Atom ap r 

The tiny, dense nucleus eonsists of positively eharged protons and uncharged 
neutrons. Most of the volume of an atom is occupied by rapidly moving, 
negatively eharged eleetrons, which ean be represented as an eleetron cloud. 
The probable loeation of an eleetron is indieated by the eolor of the eleetron 
cloud.The darker the eolor in eaeh small part of the eleetron cloud, the more 
likely the eleetron is loeated there. 


Atomíe Number and Mass Number 

The atomie number of an element is equal to the number of protons in 
eaeh atom. The atomie number is also the number of eleetrons in eaeh 
atom because the number of eleetrons is equal to the number of protons 
in eaeh atom. Eaeh element is uniquely defined by the number of pro- 
tons in the atoms of that element. For example, only hydrogen atoms 
have one proton and only earbon atoms have six protons (figure 2.2; see 
table 2.1). There are 90 namrally occurring elements, but additional ele- 
ments have been synthesized by altering atomie nuclei (see appendix A). 

Protons and neutrons have about the same mass, and they are 
responsible for most of the mass of atoms. Eleetrons, on the other 
hand, have very little mass. The mass number of an element is the 
number of protons plus the number of neutrons in eaeh atom. For 
example, the mass number for earbon is 12 because it has six protons 
and six neutrons. 


Prediet 



The atomie rmrnber of fluorine is 9, and the mass number is 19. What is the 
number of protons, neutrons, and eleetrons in an atom of fluorine? 


Isotopes (l'sò-tòpz, isos, equal, + topos, part) are two or more 
forms of the same element that have the same number of protons but a 
different number of neutrons. Thus, isotopes have the same atomie num- 
ber but different mass numbers. There are three isotopes of hydrogen: 
hydrogen, deuterium, and tritium. All three isotopes have an atomie 
number of 1 because they eaeh have one proton. Hydrogen, with one 
proton and no neutrons, has a mass number of 1; deuterium, with 
one proton and one neutron, has a mass number of 2; and tritium, 
with one proton and two neutrons, has a mass number of 3. Isotopes 



Hydrogen 

atom 



Carbon 

atom 


Figlire 2.2 Hydrogen and earbon Atoms 

Within the nucleus, the number of positively eharged protons (p + ) and 
uncharged neutrons (n°) is indieated.The negatively eharged eleetrons (e _ ) are 
around the nucleus. Atoms are eleetrieally neutral because the number of 
protons and eleetrons within an atom is equal. 
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Relevanee 


eiinieal Applieations of Atomie Partieles 


Protons, neutrons, and eleetrons are 
responsible for the ehemieal properties of 
atoms.They also have other properties that 
ean be useful in a elinieal setting. Radioaetive 
isotopes have unstable nuclei that lose neu- 
trons or protons. Several kinds of radiation 
ean be produced when neutrons and pro- 
tons, or the products formed by their break- 
down, are released from the nucleus of the 
isotope. The radiation given off by some 
radioaetive isotopes ean penetrate and 
destroy tissues. Rapidly dividing eells are 
more sensitive to radiation than are slowly 
dividing eells. Radiation is used to treat ean- 
cerous (malignant) tumors because eaneer 
eells divide rapidly. If the treatment is effee- 
tive, few healthy eells are destroyed, but the 
cancerous eells are killed. 

Radioaetive isotopes also are used in 
medieal diagnosis. The radiation ean 
deteeted, and the movement of the radioae- 
tive isotopes throughout the body ean be 
traeed. For example, the thyroid gland nor- 
mally takes up iodine and uses it in the for- 
mation of thyroid hormones. Radioaetive 
iodine ean be used to determine if iodine 
uptake is normal in the thyroid gland. 

Radiation ean be produced in ways other 
than ehanging the nucleus of atoms. X-rays 
are a type of radiation formed when elee- 
trons lose energy by moving from a higher 
energy state to a lower one. X-rays are used 
in the examination of bones to determine if 
they are broken and of teeth to see if they 
have earies (eavities). Mammograms, which 


are low-energy radiographs (x-ray fìlms) of 
the breast, ean be used to deteet tumors 
because the tumors are slightly denser than 
normal tissue. 

Computers ean be used to analyze a 
series of radiographs, eaeh madeata slightly 
different body loeation.The picture of eaeh 
radiographie "sliee" through the body is 
assembled by the computer to form a three- 
dimensional image. A eompiited tomogra- 
phy (tó-mog'rà-fé) (CT) sean is an example 
of this technique (fìgure A). CT seans are 
used to deteet tumors and other abnormali- 
ties in the body. 

Magnetie resonanee imaging (MRI) is 

another method for looking into the body 
(figure B). The patient is plaeed into a very 


Figure A ct sean 

CT sean of the brain with iodine injeetion, 
showing three brain tumors (ovals) that 
have metastasized (spread) to the brain 
from eaneer in the large intestine. 


powerful magnetie fìeld, which aligns the 
hydrogen nuclei. Radio waves given off by 
the hydrogen nuclei are monitored, and the 
data are used by a computer to make an 
image of the body. Because MRI deteets 
hydrogen, it is very effeetive for visualizing 
soft tissues that eontain a lot of water. MRI 
teehnology is used to deteet tumors and 
other abnormalities in the body. 


Figure B mri 

Colorized MRI brain sean showing a stroke. 
The whitish area in the lower right part of 
the MRI is blood that has leaked into the 
surrounding tissue. 
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ANATOMY & PHYSIOLOGY 


ean be denoted using the symbol of the element preeeded by the mass 
number of the isotope. Thus, hydrogen is ! H, deuterium is 2 H, and 
tritium is 3 H. 

4 Which subatomic partieles determine atomie number and mass 
number? 

5 What are isotopes? 

Eleetrons and ehemieal Bonding 

The outermost eleetrons of an atom determine its ehemieal behavior. 
Chemical bonding occurs when the outermost eleetrons are trans- 
ferred or shared between atoms. Two major types of ehemieal bond- 
ing are ionie and eovalent bonding. 


lonie Bonding 

An atom is eleetrieally neutral because it has an equal number of pro- 
tons and eleetrons. If an atom loses or gains eleetrons, the numbers of 
protons and eleetrons are no longer equal, and a eharged partiele ealled 
an ion (l'on) is formed. After an atom loses an eleetron, it has one 
more proton than it has eleetrons and is positively eharged. A sodium 
atom (Na) ean lose an eleetron to beeome a positively eharged sodium 
ion (Na + ) (figure 2.3 a). After an atom gains an eleetron, it has one 
more eleetron than it has protons and is negatively eharged. A ehlorine 
atom (Cl) ean aeeept an eleetron to beeome a negatively eharged ehlo- 
ride ion (Cl“). 

Cations (katT-onz), are positively eharged ions, and anions (an'l- 
onz) are negatively eharged ions. Because oppositely eharged ions are 
attraeted to eaeh other, eations tend to remain elose to anions, which is 
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Sodium atom (Na) 


11 e 



Sodium ion (Na + ) 


lOe 




Sodium 

ehloride 

(NaCI) 


18 e 



(a) Ohlorine atom (Cl) Chloride ion (Cl ) 

Figure 2.3 lonie Bonding ap:r 

( a ) A sodium atom (Na) loses an eleetron to beeome a smaller, positively eharged 
ion, and a ehlorine atom (Cl) gains an eleetron to beeome a larger, negatively 
eharged ion.The attraetion between the oppositely eharged ions results in ionie 
bonding and the formation of sodium ehloride (NaCI). (ò) The sodium ions (Na + ) 
and ehloride ions (Cl“) are organized to form a cube-shaped array. (e) A 
mierophotograph of salt erystals refleetsthe cubic arrangement ofthe ions. 



ealled ionie (lon'ik) bonding. Thus, ionie bonds hold Na + and Cl“ 
together to form an array of ions ealled sodium ehloride (NaCl), or 
table salt (figure 2.3 b and e). 

Ions are denoted by using the symbol of the atom from which 
the ion was formed. The eharge of the ion is indieated by a super- 
seripted plus ( + ) or minus ( —) sign. For example, a sodium ion is 
Na + , and a ehloride ion is Cl“. If more than one eleetron has been 
lost or gained, a number is used with the plus or minus sign. Thus, 
Ca 2+ is a calcium ion formed by the loss of two eleetrons. Some 
ions eommonly found in the body are listed in table 2.2. 


Prediet 



lf an iron (Fe) atom loses three eleetrons, what is the eharge of the resulting 
ion? Write the symbol for this ion. 


eovalent Bonding 

Covalent bonding results when atoms share one or more pairs of 
eleetrons. The resulting eombination of atoms is ealled a molecule. 
An example is the eovalent bond between two hydrogen atoms to 
form a hydrogen molecule (figure 2.4). Eaeh hydrogen atom has one 
eleetron. As the atoms get eloser together, the positively eharged 
nucleus of eaeh atom begins to attraet the eleetron of the other 
atom. At an optimal distanee, the two nuclei mutually attraet the 
two eleetrons, and eaeh eleetron is shared by both nuclei. The two 
hydrogen atoms are now held together by a eovalent bond. 

A single eovalent bond results when two atoms share a pair of 
eleetrons. A single eovalent bond ean be represented by a single line 
between the symbols of the atoms involved (for example, H—H). A 


double eovalent bond results when two atoms share two pairs of 
eleetrons. When a earbon atom eombines with two oxygen atoms to 
form earbon dioxide, two double eovalent bonds are formed. Double 
eovalent bonds are indieated by a double line between the atoms 

(0=C=0). 


Table 2.2 


Important lons 


Common 

lons 

Symbols 

Signifìeanee* 

Calcium 

Ca 2+ 

Part of bones and teeth, blood 
elotting, muscle eontraetion, 
release of neurotransmitters 

Sodium 

Na + 

Membrane potentials, water 
balanee 

Potassium 

K + 

Membrane potentials 

Hydrogen 

H + 

Aeid-base balanee 

Hydroxide 

OH- 

Aeid-base balanee 

Chloride 

CE 

Water balanee 

Biearbonate 

HC0 3 “ 

Aeid-base balanee 

Ammonium 

nh 4 + 

Aeid-base balanee 

Phosphate 

00 

o 

D_ 

Part of bones and teeth, energy 
exchange, aeid-base balanee 

Iron 

Fe 2+ 

Red blood eell formation 

Magnesium 

Mg 2+ 

Neeessary for enzymes 

lodide 

|- 

Present in thyroid hormones 


*The ions are part of the stmetiires or play important roles in the proeesses listed. 
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Proeess Figure 2.4 eovalent Bonding 


A nonpolar eovalent bond occurs when eleetrons are shared 
equally between atoms, as in a hydrogen molecule (see figure 2.4). A 
polar eovalent bond results when eleetrons are shared unequally 
between atoms, as in a water molecule (figure 2.5). The nucleus of 
the oxygen atom attraets a pair of eleetrons more strongly than does 
the nucleus of eaeh hydrogen atom. Therefore, the eleetrons are 
shared unequally and tend to spend more time around the oxygen 
atom than around the hydrogen atoms. Thus, the oxygen side of the 
molecule has a slight negative eharge, eompared with a slight positive 
eharge on the hydrogen side. Molecules with this asymmetrieal elee- 
trie eharge are ealled polar molecules, whereas molecules with a 
symmetrieal eleetrie eharge are ealled nonpolar molecules. 

Hydrogen Bonds 

A polar molecule has a positive and a negative “end.” A hydrogen 
bond is formed when the positive, hydrogen “end” of one polar 
molecule is weakly attraeted to the negative “end” of another polar 
molecule. Hydrogen bonds occur most eommonly between hydro- 
gen and oxygen or nitrogen. For example, water molecules are held 
together by hydrogen bonds when the positively eharged hydrogen 
of one water molecule is weakly attraeted to a negatively eharged 
oxygen of another water molecule (figure 2.6). Although this attrae- 
tion is ealled a hydrogen bond, it is not a ehemieal bond. The attrae- 
tion between molecules resulting from hydrogen bonds is much 
weaker than ionie or eovalent bonds. 


Figlire 2.5 Polar eovalent Bonds 

(a) A water molecule forms when two hydrogen atoms form eovalent bonds 
with an oxygen atom. (b) Eleetron pairs (indieatedbythe blaekdots) are shared 
between the hydrogen atoms and oxygen.The dashed outline shows the 
expected loeation of the eleetron cloud if the eleetrons are shared equally.The 
eleetrons are shared unequally, as shown by the eleetron cloud ( yellovv ) not 
eoineiding with the dashed outline. Consequently, the oxygen side of the 
molecule has a slight negative eharge (indieated byb~ ), and the hydrogen side 
ofthe molecule has a slight positive eharge (indieatedbyò + ). 

Hydrogen bonds play an important role in determining the 
shape of complex molecules because the hydrogen bonds between 
different polar parts of a single large molecule hold the molecule in its 
normal three-dimensional shape (see “Proteins,” p. 37, and “Nucleic 

Aeids: DNA and RNA,” p. 40). 

6 Deseribe how ionie bonding occurs. Define an ion, a eation, and an 
anion. 

7 Deseribe how eovalent bonding occurs. What are single and double 
eovalent bonds? 

8 What is the differenee between nonpolar and polar eovalent 
bonds? Between nonpolar and polar molecules? 

9 Define hydrogen bond, and explain how hydrogen bonds hold polar 
molecules, such as water, together. How do hydrogen bonds affeet 
the shape of a molecule? 

Molecules and Compounds 

A molecule is formed when two or more atoms ehemieally eombine 
to form a structure that behaves as an independent unit. The atoms 
that eombine to form a molecule ean be of the same type, such as two 
hydrogen atoms eombining to form a hydrogen molecule. More 
typieally, a molecule eonsists of two or more different types of atoms, 
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Hydrogen Oxygen 


Water molecule 

Figlire 2.6 Hydrogen Bonds 

The positive hydrogen part {blue) of one water molecule forms a hydrogen 
bond ( reddottedline ) with the negative oxygen part ( red ) of another water 
molecule. As a result, hydrogen bonds hold the water molecules together. 


Solubility and Dissoeiation 

Solubility is the ability of one substance to dissolve in another—for 
example, when table salt or sugar dissolves in water. When ionie eom- 
pounds dissolve in water, their ions dissoeiate (di-sò'sé-àt'), or sepa- 
rate, from eaeh other because the positively eharged ions are attraeted 
to the negative ends of the water molecules, and the negatively eharged 
ions are attraeted to the positive ends of the water molecules. For 
example, when sodium ehloride dissoeiates in water, the Na + and Cl“ 
separate, and water molecules surround and isolate the ions, keeping 
them in solution (figure 2.7). 

Eleetrolytes (é-lek'trò-lltz) are ions that dissoeiate in water and 
have the eapaeity to conduct an eleetrie current, which is the flow of 
eharged partieles. An eleetroeardiogram (ECG) is a reeording of eleetrie 
currents produced by the heart. These currents ean be deteeted by elee- 
trodes on the surface of the body because the ions in the body fluids 
conduct eleetrie currents. Molecules that do not dissoeiate from solu- 
tions do not conduct eleetrieity and are ealled noneleetrolytes. Pure 
water is a noneleetrolyte. 

When polar molecules dissolve in water, the molecules usually 
remain intaet even though they are surrounded by water molecules. 
Thus, in a glucose solution, glucose molecules are surrounded by 
water molecules. 

11 How do ionie compounds and molecules (eovalent compounds) 
typieally dissolve in water? 

12 Distinguish between eleetrolytes and noneleetrolytes. 


such as two hydrogen atoms and an oxygen atom forming water. 
Thus, a glass of water eonsists of a eolleetion of individual water 
molecules positioned next to one another. 

A eompoiind is a substance eomposed of two or more dijferent 
types of atoms that are ehemieally eombined. Not all molecules are 
compounds. For example, a hydrogen molecule is not a compound 
because it does not eonsist of different types of atoms. Some eom- 
pounds are molecules and some are not. Covalent compounds, in 
which different types of atoms are held together by eovalent bonds, 
are molecules because the sharing of eleetrons results in the forma- 
tion of distinet, independent units. Water is an example of a sub- 
stanee that is both a compound and a molecule. 

On the other hand, ionie compounds, in which ions are held 
together by the foree of attraetion between opposite eharges, are not 
molecules because they do not eonsist of distinet units. A pieee of 
sodium ehloride does not eonsist of individual sodium ehloride mol- 
ecules positioned next to one another. Instead, it is an organized 
array of individual Na + and individual Cl“ in which eaeh eharged 
ion is surrounded by several ions of the opposite eharge (see figure 
23b). Sodium ehloride is an example of a substance that is a eom- 
pound but not a molecule. 

Molecules and compounds ean be represented by the symbols of 
the atoms (or ions) forming the molecule or compound plus subscripts 
denoting the number of eaeh type of atom (or ion). For example, glu- 
eose (a sugar) ean be represented as eóH^Oó, indieating that glucose 
has 6 earbon, 12 hydrogen, and 6 oxygen atoms. 

10 Distinguish between a molecule and a compound. Are all molecules 
compounds? Are all compounds molecules? 




Why are nonpolar molecules, such as fats and oils, not soluble in water? 


2.2 ehemieal Reaetions 

In a ehemieal reaetion, the relationship between atoms, ions, mol- 
ecules, or compounds is ehanged by forming or breaking ehemieal 
bonds. The substances that enter into a ehemieal reaetion are ealled 
the reaetants, and the substances that result from the ehemieal reae- 
tion are ealled the products. 

A synthesis reaetion occurs when two or more reaetants eom- 
bine to form a larger, more complex product. Synthesis reaetions 
result in the production of the complex molecules of the human 
body from the basie a building bloeks” obtained in food. For exam- 
ple, amino aeids are basie building bloeks that ean eombine to form 
a dipeptide (figure 2.8 a). As the atoms rearrange, old ehemieal bonds 
are broken and new ehemieal bonds are formed. As a result, the 
amino aeids are joined by a eovalent bond and water is formed. 
Synthesis reaetions in which water is a product are ealled dehydra- 
tion (water out) reaetions. 

A deeomposition reaetion occurs when reaetants are broken 
down into smaller, less complex products. Deeomposition reaetions 
include the digestion of food molecules in the intestine and within eells. 
For example, a disaeeharide is a type of earbohydrate that is broken 
down to form glucose (figure 2.8 b). Note that this reaetion requires that 
water be split into two parts and that eaeh part be contributed to one 
of the new glucose molecules. Reaetions that use water in this manner 
are ealled hydrolysis (hl-drol'i-sis, water dissolution) reaetions. 
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moleeiiles 


Salt erystal 


Figlire 2.7 Dissoeiation ^piRj 

Sodiiim ehloride (table salt) dissoeiates in vvater.The positively eharged Na + are attraeted to the negatively eharged oxygen ( red ) ends of the vvater molecules, and the 
negatively eharged Cl“ are attraeted to the positively eharged hydrogen ( blue ) ends of the vvater molecules. 



Synthesis (dehydration) reaetion 





Deeomposition (hydrolysis) reaetion 


ch 2 oh 

ho^oh Vo 

ch 2 oh 

^ r 

OH 

OH 


Disaeeharide 






Figlire 2.8 Synthesis and Deeomposition Reaetions 

(a) A synthesis reaetion in vvhieh tvvo amino aeids eombine to form a dipeptide. This reaetion is also a dehydration reaetion because it results in the removal of a vvater 
molecule from the amino aeids. (ò) A deeomposition reaetion in vvhieh a disaeeharide breaks apart to form glucose molecules.This reaetion is also a hydrolysis reaetion 
because it involves the splitting of a vvater molecule. 
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All of the synthesis and deeomposition reaetions in the body are 
eolleetively defined as metabolism. 

13 Define a ehemieal reaetion, reaetants, and products. 

14 Deseribe synthesis and deeomposition reaetions, giving an example 
of eaeh. What are dehydration and hydrolysis reaetions? 

15 Define metabolism. 

Reversible Reaetions 

A reversible reaetion is a ehemieal reaetion in which the reaetion 
ean proeeed from reaetants to products and from products to reae- 
tants. When the rate of product formation is equal to the rate of 
reaetant formation, the reaetion is said to be at equilibrium. At 
equilibrium the amount of the reaetants relative to the amount of 
products remains eonstant. 

The following analogy may help elarify the eoneept of revers- 
ible reaetions and equilibrium. Imagine a trough eontaining water. 
The trough is divided into two eompartments by a partition, but 
the partition eontains holes that allow water to move freely between 
the eompartments. Because water ean move in either direetion, this 
is like a reversible reaetion. Let the amount of water in the left 
eompartment represent the amount of reaetant and the amount of 
water in the right eompartment represent the amount of product. 
At equilibrium the amount of reaetant relative to the amount of 
product in eaeh eompartment is always the same because the parti- 
tion allows water to pass between the two eompartments until the 
level of water is the same in both eompartments. If the amount of 
reaetant is inereased by adding water to the left eompartment, 
water flows from the left eompartment through the partition to the 
right eompartment until the level of water is the same in both. 
Thus, the relative amounts of reaetant and product are onee again 
equal. Unlike this analogy, however, the amount of reaetant relative 
to the product in most reversible reaetions is not one to one. 
Depending on the speeifie reversible reaetion, there ean be one part 
reaetant to two parts product, two parts reaetant to one part prod- 
uct, or many other possibilities. 

An important reversible reaetion in the human body is the reae- 
tion between earbon dioxide (C02) and water (H 2 0) to form hydro- 
gen ions (H + ) and biearbonate ions (HC 03 _ ) (the reversibility of the 
reaetion is indieated by two arrows pointing in opposite direetions): 

co 2 + h 2 o h+ + hco 3 - 

If C0 2 is added to H 2 0, the amount of C0 2 relative to the 
amount of H+ inereases. The reaetion of C0 2 with H 2 0 produces 
more H+, however, and the amount of C0 2 relative to the amount 
of H+ returns to equilibrium. Conversely, adding H+ results in the 
formation of more C0 2 , and the equilibrium is restored. 

Maintaining a eonstant level of H+ in body fluids is neeessary for 
the nervous system to fimetion properly. This level ean be maintained, 
in part, by eontrolling blood C0 2 levels. For example, slowing the 
respiration rate causes blood C0 2 levels to inerease, which in turn 
causes an inerease in H+ eoneentration in the blood. 

16 Deseribe reversible reaetions. What is meant by the equilibrium 
eondition in reversible reaetions? 




If the respiration rate inereases, earbon dioxide is removed from the blood. 
What effeet does this have on blood hydrogen ion levels? 


Energy and ehemieal Reaetions 

Energy, unlike matter, does not occupy spaee, and it has no mass. 
Energy is defined as the eapaeity to do work—that is, to move matter. 
Energy ean be subdivided into potential energy and kinetie energy. 
Potential energy is stored energy that could do work but is not doing 
so. For example, a eoiled spring has potential energy. It could push 
against an objeet and move the objeet, but as long as the spring does not 
uncoil, no work is aeeomplished. Kinetie (ki-net'ik, of motion) energy 
is energy caused by the movement of an objeet and is the form of energy 
that aemally does work. An uncoiling spring pushing an objeet, causing 
it to move, is an example. When potential energy is released, it beeomes 
kinetie energy, thus doing work. 

Potential and kinetie energy ean be found in many different 
forms. Meehanieal energy is energy resulting from the position or 
movement of objeets. Many of the aetivities of the human body, such 
as moving a limb, breathing, or circulating blood, involve meehanieal 
energy. Other forms of energy are ehemieal energy, heat energy, elee- 
trie energy, and eleetromagnetie (radiant) energy. 

Aeeording to the law of eonservation of energy, the total energy 
of the universe is eonstant. Therefore, energy is neither ereated nor 
destroyed. One type of energy ean be ehanged into another, however. 
For example, as a moving objeet slows down and eomes to rest, its 
kinetie energy is eonverted into heat energy by frietion. 

The ehemieal energy of a substance is a form of stored (poten- 
tial) energy that results from the relative positions and interaetions 
among its eharged subatomic partieles. Consider two balls attaehed 
by a relaxed spring. In order to push the balls together and eompress 
the spring, energy must be put into this system. As the spring is 
eompressed, potential energy inereases. When the eompressed spring 
expands, potential energy deereases. Similarly eharged partieles, such 
as two negatively eharged eleetrons or two positively eharged nuclei, 
repel eaeh other. As similarly eharged partieles move eloser together, 
their potential energy inereases, much like the eompression of a 
spring, and, as they move farther apart, their potential energy 
deereases. Chemical bonding is a form of potential energy because of 
the eharges and positions of the subatomic partieles bound together. 

Chemical reaetions are important because of the products 
they form and the energy ehanges that result as the relative posi- 
tion of subatomic partieles ehanges. If the reaetants of a ehemieal 
reaetion eontain more potential energy than the products, energy 
is released. For example, food molecules eontain more potential 
energy than waste products. The differenee in potential energy 
between food and waste products is used by living systems for 
many aetivities, such as growth, repair, movement, and heat pro- 
duction, as the potential energy in the food molecules ehanges 
into other forms of energy. 

Adenosine triphosphate (ATP) (à-den'ò-sén trl-fos'fàt) is an 
important molecule involved with the transfer of energy in eells. In 
ATP, A stands for adenosine (adenine eombined with ribose), T stands 
for tri- (or three), and P stands for a phosphate group (POfy - ). Thus, 
ATP eonsists of adenosine and three phosphate groups (figure 2.9). 
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The phosphate group that reaets with ADP is often denoted as Pi, 
where the cc i” indieates that the phosphate group is assoeiated with an 
inorganie substance (see “inorganie Chemistry,” p. 33). 

Potential energy is stored in the eovalent bond between the see- 
ond and third phosphates in ATP when ATP is synthesized from 
adenosine diphosphate (ADP) and a phosphate group. Energy must 
be added from another source when the products of a ehemieal reae- 
tion, such as ATP, eontain more energy than the reaetants (figure 
2A0a). The energy released during the breakdown of food molecules 
is the source of energy for this kind of reaetion in the body. 

ADP + Pj + Energy (from food molecules) —► ATP 


Energy is released during a ehemieal reaetion when the potential 
energy in the ehemieal bonds of the reaetants is greater than that of 
the products (figure 2.10^). The breakdown of ATP to adenosine 
diphosphate (ADP) and a phosphate group results in the release of 
energy and heat. The energy is used by eells for aetivities such as 
synthesizing new molecules or for muscle eontraetion. 

ATP -► ADP + Pi + Energy (used by eells) + Heat 


Prediet 



Why does body temperature inerease during exercise? 


1. Adenosine is adenine, which is 
one of the nitrogenous bases in 
DNA, eombined with the sugar 
ribose. 

2. Adenosine diphosphate (ADP) 
is adenosine with two 
phosphate groups. 

3. Adenosine triphosphate (ATP) 
is adenosine with three 
phosphates. 


o Adenosine 


Adenine 


Ribose 


NH 2 

i 



OH OH 


- 1 - 

O Adenosine diphosphate (ADP) 

- 1 - 

O Adenosine triphosphate (ATP) 


Figlire 2.9 Adenosine Triphosphate (ATP) Molecule ap r 



ADP + Pj + Energy->ATP 


REAOTANT ( 



ATP- > ADP + Pj + Energy 


Figlire 2.10 Energy and ehemieal Reaetions 

ln eaeh figure the upper shelf represents a higher energy level, and the lower shelf represents a lower energy level. {a) Reaetion in which energy is released as a result 
of the breakdown of ATP. (b) Reaetion in which the input of energy is required for the synthesis of ATP. 
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ATP is often ealled the energy currency of eells because it is 
eapable of both storing and providing energy. Tbe eoneentration of 
ATP is maintained within a narrow range of values, and essentially 
all energy-requiring ehemieal reaetions stop when there is an inade- 
quate quantity of ATP. 

17 How is energy different from matter? How are potential and kinetie 
energy different from eaeh other? 

18 Define meehaniealenergyand ehemiealenergy. How is ehemieal 
energy eonverted to meehanieal energy and heat energy in the 
body? 

19 Use ATP and ADP to illustrate the input or release of energy in 
ehemieal reaetions. Why is ATP ealled the energy currency of eells? 


Rate of ehemieal Reaetions 

The rate at which a ehemieal reaetion proeeeds is influenced by several 
faetors, including how easily the substances reaet with one another, their 
eoneentrations, the temperamre, and the presenee of a eatalyst. 

Reaetants 

Reaetants differ from one another in their ability to undergo ehemi- 
eal reaetions. For example, iron eorrodes much more rapidly than 
does stainless steel. For this reason, during its refurbishment the iron 
bars forming the skeleton of the Statue of Liberty were replaeed with 
stainless steel bars. 

eoneentration 

Within limits, the greater the eoneentration of reaetants, the greater the 
rate at which a ehemieal reaetion will occur because, as the eoneentra- 
tion inereases, the reaeting molecules are more likely to eome into 
eontaet with one another. For example, the normal eoneentration of 
oxygen inside eells enables it to eome into eontaet with other molecules, 
producing the ehemieal reaetions neeessary for life. If the oxygen eon- 
eentration deereases, the rate of ehemieal reaetions deereases. A deerease 
in oxygen in eells ean impair eell hinetion and even result in eell death. 

Temperature 

The rate of ehemieal reaetions also inereases when the temperature is 
inereased. When a person has a fever of only a few degrees, reaetions 
occur throughout the body at a faster rate. The result is inereased aetiv- 
ity in most organ systems, such as inereased heart and respiratory rates. 
When body temperature drops, the rate of reaetions deereases. The 
clumsy movement of very eold fingers results largely from the reduced 
rate of ehemieal reaetions in eold muscle tissue. 

eatalysts 

At normal body temperamres, most ehemieal reaetions would take 
plaee too slowly to sustain life if it were not for the bodys eatalysts. A 
eatalyst (kat'à-list) is a substance that inereases the rate of a ehemieal 
reaetion, without itself being permanently ehanged or depleted. An 
enzyme (en'zlm) is a protein molecule that aets as a eatalyst. Many of 
the ehemieal reaetions that occur in the body require enzymes. Enzymes 
are eonsidered in greater detail on p. 39. 

20 Name three ways that the rate of a ehemieal reaetion ean be 
inereased. 


2.3 Aeids and Bases 

An aeid is a proton donor. Because a hydrogen atom without its 
eleetron is a proton, any substance that releases hydrogen ions in 
water is an aeid. For example, hydroehlorie aeid (FiCl) in the stom- 
aeh forms hydrogen ions (Fi + ) and ehloride ions (Cl - ): 

HC1 -> H + + Cl" 


A base is a proton aeeeptor. For example, sodium hydroxide 
(NaOH) forms sodium ions (Na + ) and hydroxide ions (OH ). It is a base 
because the OH is a proton aeeeptor that binds with a H + to form water. 


NaOH 


Na + + OH 





Aeids and bases are elassified as strong or weak. Strong aeids or 
bases dissoeiate almost eompletely when dissolved in water. 
Consequently, they release almost all of their H + or OH - . The more 
eompletely the aeid or base dissoeiates, the stronger it is. For example, 
HC1 is a strong aeid because it eompletely dissoeiates in water. 

HC1 -> H + + Cl" 

Not freely reversible 

Weak aeids or bases only partially dissoeiate in water. Consequently, 
they release only some of their H + or OH“. For example, when aeetie 
aeid (CH 3 COOH) is dissolved in water, some of it dissoeiates, but 
some of it remains in the undissociated form. An equilibrium is estab- 
lished between the ions and the undissociated weak aeid. 


CH 3 COOH CH 3 COO- + H + 

Freely reversible 

For a given weak aeid or base, the amount of the dissoeiated ions 
relative to the weak aeid or base is a eonstant. 


The pH Seale 

The pH seale (figure 2.11), which ranges from 0 to 14, indieates the H + 
eoneentration of a solution. Pure water is defined as a neutral solution. A 
neutral solution has an equal number of H + and OH~ and has a pH 
of 7.0. An aeidie sohition has a pH less than 7.0 and has a greater 
eoneentration of H + than OH“. An alkaline (al'kà-lln) sohition, or 
basie solution, has a pH greater than 7.0 and has fewer H + than OHN 

As the pH value beeomes smaller, the solution is more aeidie; as 
the pH value beeomes larger, the solution is more basie. A ehange of 
one unit on the pH seale represents a 10-fold ehange in the H + 
eoneentration. For example, a solution of pH 6.0 has 10 times more 
H + than a solution with a pH of 7.0. Thus, small ehanges in pH 
represent large ehanges in H + eoneentration. 

Aeidosis and Alkalosis 

The normal pH range for human blood is 7.35 to 7.45. The eondi- 
tion of aeidosis (as-i-dó'sis) results if blood pH drops below 7.35.The 
nervous system beeomes depressed, and the individual beeomes 
disoriented and possibly eomatose. Alkalosis (al-kà-lò'sis) results if 
blood pH rises above 7.45. The nervous system beeomes overexcit- 
able and the individual ean be extremely nervous or have convul- 
sions. Both aeidosis and alkalosis ean result in death. 
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Concentration in moles/liter 

[OH-l 



Figure 2.11 The pH Seale 


[H *] 

PH 

Examples 

10° 

0 

Hydroehlorie aeid (HCI) 

10- 1 

1 

Stomaeh aeid 

10- 2 

2 

Lemon juice 

10- 3 

3 

Vinegar, eola, beer 

10- 4 

— 4 

Tomatoes 

10- 5 

— 5 

Blaek eoffee 

10-6 

— 6 

Llrine 



Saliva (6.5) 

10- 7 

— 7 

Distilled water 



Blood (7.4) 

10-3 

— 8 

Seawater 

10- 9 

— 9 

Baking soda 

10-10 

10 

Great Salt Lake 

10- 11 

11 

Household ammonia 

10- 12 

12 

Soda ash 

10- 13 

13 

Oven eleaner 

10- 14 

14 

Sodium hydroxide (NaOH) 

Seale 

ìl. Values less than 7 are aeidie (the lower the number, 


the more aeidie). Values greater than 7 are basie (the higher the number, the more 
basie). Representative fluids and their approximate pH values are listed. 


Salts 

A salt is a eompoimd eonsisting of a positive ion other than a H + and 
a negative ion other than a OH . Salts are formed by the reaetion of an 
aeid and a base. For example, hydroehlorie aeid (HC1) eombines with 
sodium hydroxide (NaOH) to form the salt sodium ehloride (NaCl). 


HC1 + 

NaOH 

-> NaCl 

+ h 2 o 

(aeid) 

(base) 

(salt) 

(water) 

Buffers 





The ehemieal behavior of many molecules ehanges as the pH of the 
solution in which they are dissolved ehanges. The survival of an 
organism depends on its ability to regulate body fluid pH within a 
narrow range. One way normal body fluid pH is maintained is 
through the use of buffers. A buffer (buFer) is a ehemieal that 
resists ehanges in pH when either an aeid or a base is added to a 
solution eontaining the buffer. When an aeid is added to a buffered 



(b) 


Figlire 2.12 Buffers 

(c/)The addition of an aeid to a nonbuffered solution results in an inerease of H + 
and a deerease in pH. (b)The addition of an aeid to a buffered solution results in 
a much smaller ehange in pH because the added H + bind to the buffer 
(symbolized by the letter"B"). 


solution, the buffer binds to the H + , preventing a deerease in the 
pH of the solution (figure 2.12). 


Prediet 



lf a base is added to a solution, will the pH of the solution inerease or deerease? 
If the solution is buffered, what response from the buffer prevents the ehange 


inpH? 


21 Define oeid and bose. What is the differenee between a strong aeid or 
base and a weak aeid or base? 

22 Deseribe the pH seale. Define oeidosis and alkolosis, and deseribe the 
symptoms of eaeh. 

23 What is a salt? What is a buffer, and why are buffers important to 
organisms? 
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2.4 inorganie ehemistry 

Originally it was believed that inorganie substances were those that 
eame from nonliving sources and organie substances were those 
extracted from living organisms. As the seienee of ehemistry devel- 
oped, however, it beeame apparent that organie substances could be 
manufactured in the laboratory. As defined currently, inorganie 
ehemistry deals with those substances that do not eontain earbon, 
whereas organie ehemistry is the study of earbon-eontaining sub- 
stanees. These definitions have a few exceptions. For example, earbon 
monoxide (CO), earbon dioxide (OO^), and biearbonate ion 
(HC 03 _ ) are elassified as inorganie molecules. 

Oxygen and earbon Dioxide 

Oxygen (O 2 ) is an inorganie molecule eonsisting of two oxygen 
atoms bound together by a double eovalent bond. About 21% of the 
gas in the atmosphere is oxygen, and it is essential for most living 
organisms. Oxygen is required by humans in the final step of a series 
of ehemieal reaetions in which energy is extracted from food mole- 
cules to make ATP (see ehapter 22). 

Carbon dioxide (C02) eonsists of one earbon atom bound to 
two oxygen atoms. Eaeh oxygen atom is bound to the earbon atom 
by a double eovalent bond. Carbon dioxide is produced when food 
molecules, such as glucose, are metabolized within the eells of the 
body (see ehapter 22). Onee earbon dioxide is produced, it is elimi- 
nated from the eell as a metabolie by-product, transferred to the 
lungs by the blood, and exhaled during respiration. If earbon diox- 
ide is allowed to accumulate within eells, it beeomes toxic. 

water 

Water (H 2 0) is an inorganie molecule that eonsists of one atom of 
oxygen joined by polar eovalent bonds to two atoms of hydrogen. It 
has many important properties for living organisms. 

1. Stabilizing body temperatiire. Water ean absorb large amounts of 
heat and remain at a stable temperature. Blood, which is mostly 
water, ean transfer heat effeetively from deep within the body 
to the body’s surface. Blood is warmed deep in the body and 
then flows to the surface, where the heat is released. In 
addition, water evaporation in the form of sweat results in 
signifieant heat loss from the body. 

2. Proteetion. Water is an effeetive lubricant. For example, tears 
proteet the surface of the eye from the rubbing of the eyelids. 
Water also forms a fluid cushion around organs that helps 
proteet them from damage. The eerebrospinal fluid that 
surrounds the brain is an example. 

3. ehemieal reaetions. Most of the ehemieal reaetions neeessary for 
life do not take plaee unless the reaeting molecules are dissolved 
in water. For example, sodium ehloride must dissoeiate in water 
into Na + and Cl“ before these ions ean reaet with other ions. 
Water also direetly partieipates in many ehemieal reaetions. For 
example, during the digestion of food, large molecules and 
water reaet to form smaller molecules. 

4. Transport. Many substances dissolve in water and ean be moved 
from plaee to plaee as the water moves. For example, blood 
transports nutrients, gases, and waste products within the body. 


24 Define inorgonie and orgonie ehemistry. 

25 What is the function of oxygen in living systems? Where does the 
earbon dioxide we breathe out eome from? 

26 List four functions that water performs in living organisms and give 
an example of eaeh. 

2.5 Organie ehemistry 

The ability of earbon to form eovalent bonds with other atoms makes 
possible the formation of the large, diverse, eomplieated molecules 
neeessary for life. A series of earbon atoms bound together by eovalent 
bonds eonstimtes the “baekbone” of many large molecules. Variation 
in the length of the earbon ehains and the eombination of atoms 
bound to the earbon baekbone allow the formation of a wide variety 
of molecules. For example, some protein molecules have thousands of 
earbon atoms bound by eovalent bonds to one another or to other 
atoms, such as nitrogen, sulfur, hydrogen, and oxygen. 

The four major groups of organie molecules essential to living 
organisms are earbohydrates, lipids, proteins, and nucleic aeids. Eaeh 
of these groups has speeifie structural and fimetional eharaeteristies 
(table 2.3). 

earbohydrates 

Carbohydrates are eomposed of earbon, hydrogen, and oxygen 
atoms. In most earbohydrates, for eaeh earbon atom there are two 
hydrogen atoms and one oxygen atom. Note that this ratio of hydro- 
gen atoms to oxygen atoms is two to one, the same as in water 
(H^O). They are ealled earbohydrates because eaeh earbon (earbo) is 
eombined with the same atoms that form water (hydrated). For 
example, the ehemieal formula for glucose is e^H^O^. 

The smallest earbohydrates are monosaeeharides (mon-ò-sak'à- 
rldz, one sugar), or simple sugars. Glucose (blood sugar) and fmetose 
(fruit sugar) are important monosaeeharide energy sources for many 
of the body’s eells. Larger earbohydrates are formed by ehemieally 
binding monosaeeharides together. For this reason, monosaeeharides 
are eonsidered the building bloeks of earbohydrates. Disaeeharides 
(dl-sak'à-ridz, two sugars) are formed when two monosaeeharides 
join. For example, glucose and fmetose eombine to form the disae- 
eharide sucrose (table sugar) (figure 2.134). Polysaeeharides (pol-è- 
sak'à-rìdz, many sugars) eonsist of many monosaeeharides bound in 
long ehains. Glyeogen, or animal stareh, is a polysaeeharide of glu- 
eose (figure 2.13^). It is an energy-storage molecule. When eells 
eontaining glyeogen need energy, the glyeogen is broken down into 
individual glucose molecules, which ean be used as energy sources. 
Plant stareh, also a polysaeeharide of glucose, ean be ingested and 
broken down into glucose. Cellulose, another polysaeeharide of glu- 
eose, is an important structural eomponent of plant eell walls. 
Humans eannot digest cellulose, however, and it is eliminated in the 
feees, where the cellulose fibers provide bulk. 

27 Name the basie building bloeks of earbohydrates. 

28 What are disaeeharides and polysaeeharides, and how are they 
formed? 

29 Which earbohydrates are used for energy? What is the function of 
glyeogen and cellulose in animals? 
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Table 2.3 


Important Organie Molecules and Their Functions 


Moleeiile 

Buildíng Bloeks 

Function 

Examples 

Carbohydrate 

Monosaeeharides 

Energy 

Monosaeeharides (glucose, fmetose) ean be used as energy sources. 

Disaeeharides (sucrose, laetose) and polysaeeharides (stareh, glyeogen) must 
be broken down to monosaeeharides before they ean be used for energy. 
Glyeogen (polysaeeharide) is an energy-storage molecule in muscles and in 
the liver. 



Structure 

Ribose forms part of RNA and ATP molecules, and deoxyribose forms 
part ofDNA. 



Bulk 

Cellulose forms bulk in the feees. 

Lipid 

Glyeerol and fatty 
aeids (for fats) 

Energy 

Fats ean be stored and broken down later for energy; per 
unit of weight, fats yield twice as much energy as earbohydrates. 



Structure 

Phospholipids and eholesterol are important eomponents of plasma 
membranes. 



Regulation 

Steroid hormones regulate many physiologieal proeesses. For example, 
estrogen and testosterone are responsible for many of the differenees 
between males and females. Prostaglandins help regulate tissue 
inflammation and repair. 



lnsulation 

Fat under the skin prevents heat loss. Myelin surrounds nerve eells and 
eleetrieally insulates the eells from one another. 

Protein 

Amino aeids 

Regulation 

Enzymes eontrol the rate of ehemieal reaetions. Hormones regulate many 
physiologieal proeesses. For example, insulin affeets glucose transport 
into eells. 



Structure 

Collagen fibers form a structural framework in many parts of the body. 

Keratin adds strength to skin, hair, and nails. 



Energy 

Proteins ean be broken down for energy; per unit of weight, they yield the 
same energy as earbohydrates. 



Contraction 

Aetin and myosin in muscle are responsible for muscle eontraetion. 



Transport 

Hemoglobin transports oxygen in the blood. Plasma proteins transport 
many substances in the blood. 



Proteetion 

Antibodies and eomplement proteet against mieroorganisms and other 
foreign substances. 

Nucleic aeid 

Nucleotides 

Regulation 

DNA direets the aetivities of the eell. 



Heredity 

Genes are pieees of DNA that ean be passed from one generation to the 
next generation. 



Protein synthesis 

RNA is involved in protein synthesis. 


Lipids 

Lipids are substances that dissolve in nonpolar solvents, such as 
aleohol or aeetone, but not in polar solvents, such as water. Lipids are 
eomposed mainly of earbon, hydrogen, and oxygen, but other ele- 
ments, such as phosphorus and nitrogen, are minor eomponents of 
some lipids. Lipids eontain a lower proportion of oxygen to earbon 
than do earbohydrates. 

Fats, phospholipids, eieosanoids, and steroids are examples of 
lipids. Fats are important energy-storage molecules. Energy from the 
ehemieal bonds of ingested foods ean be stored in the ehemieal 
bonds of fat for later use as energy is needed. Fats also provide protee- 
tion by surrounding and padding organs, and under-the-skin fats aet 
as an insulator to prevent heat loss. 

The building bloeks of fats are glyeerol (glis'er-ol) and fatty aeids 
(figure 2.14). Glyeerol is a three-earbon molecule with a hydroxyl 
(hl-drok'sil) group (—OH) attaehed to eaeh earbon atom, and fatty 


aeids eonsist of a earbon ehain with a carboxyl (kar-bok'sil) group 
attaehed at one end. A carboxyl group eonsists of both an oxygen atom 
and a hydroxyl group attaehed to a earbon atom (—COOH). 

O O 

—C—OH or HO—C— 

The carboxyl group is responsible for the aeidie nature of the mole- 
cule because it releases hydrogen ions into solution. 

Monoglyeerides (mon-ó-glis'er-ldz) have one fatty aeid, diglyeer- 
ides (dl-glis' er-I dz) have two fatty aeids, and triglyeerides (trl-glis' er-I dz) 
have three fatty aeids bound to glyeerol (see figure 2.14). Triglyeerides 
constitute 95% of the fats in the human body. 

Fatty aeids differ from one another aeeording to the length and 
degree of samration of their earbon ehains. Most namrally occurring 
fatty aeids eontain 14—18 earbon atoms. A fatty aeid is saturated if it 
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ch 2 oh ch 2 oh ch 2 oh ch 2 oh 



Gliieose 


Fructose 


Sucrose 






Figlire 2.13 earbohydrates 

( a ) Glucose and fmetose are monosaeeharides, which almost always form ring-shaped molecules. Although not labeled with a"C,"carbon atoms are loeated at the 
eorners of the ring-shaped molecule. Glucose and fmetose eombine to form the disaeeharide sucrose (table sugar). Glucose and fmetose are held together by a 
eovalent bond, and a water molecule (H 2 0) is given off. (ò) Glyeogen is a polysaeeharide formed by eombining many glucose molecules. (e) The photomierograph 
shows glyeogen granules in a liver eell. 



Glyeerol 



Figlire 2.14 Triglyeeride 

A triglyeeride is produced from one glyeerol molecule and three fatty aeids. One water molecule is given off for eaeh eovalent bond formed between a fatty aeid 
molecule and glyeerol. 
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eontains only single eovalent bonds between the earbon atoms (figure 
2.15 a). Sources of samrated fats include beef, pork, whole milk, eheese, 
butter, eggs, coconut oil, and palm oil. The earbon ehain is unsaturated 
if it has one or more double eovalent bonds (figure 2.15^). Because the 
double eovalent bonds ean occur anywhere along the earbon ehain, 
many types of unsaturated fatty aeids with an equal degree of unsatura- 
tion are possible. Monounsaturated fats, such as olive and peanut oils, 
have one double eovalent bond between earbon atoms. Polyunsaturated 
fats, such as safílower, sunflower, eorn, or fish oils, have two or more 
double eovalent bonds between earbon atoms. Unsaturated fats are the 
best type of fats in the diet because, unlike saturated fats, they do not 
contribute to the development of cardiovascular disease. 

Phospholipids are similar to triglyeerides, except that one of the 
fatty aeids bound to the glyeerol is replaeed by a molecule eontaining 
P h osphoms (figure 2.16). They are polar at the end of the molecule to 
which the phosphate is bound and nonpolar at the other end. The polar 
end of the molecule is attraeted to water and is said to be hydrophilie 
(water loving). The nonpolar end is repelled by water and is said to be 


hydrophobie (water fearing). Phospholipids are important structural 
eomponents of eell membranes (see ehapter 3). 

The eieosanoids (l'kò-sà-noydz) are a group of important 
ehemieals derived from fatty aeids. They include prostaglandins 
(pros'tà-glan'dinz), thromboxanes (throm'bok-zànz), and leukotri- 
enes (loo-kó-trl'ènz). Eieosanoids are made in most eells and are 
important regulatory molecules. Among their numerous effeets is 
their role in the response of tissues to injuries. Prostaglandins have 
been implieated in regulating the seeretion of some hormones, blood 
elotting, some reproductive fimetions, and many other proeesses. 
Many of the therapeutic effeets of aspirin and other anti-inflammatory 
drugs result from their ability to inhibit prostaglandin synthesis. 

Steroids are eomposed of earbon atoms bound together into four 
ringlike structures. Important steroid molecules include eholesterol, bile 
salts, estrogen, progesterone, and testosterone (figure 2.17). Cholesterol 
is an important steroid because other molecules are synthesized from it. 
For example, bile salts, which inerease fat absorption in the intestines, 
are derived from eholesterol, as are the reproductive hormones estrogen, 



0 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

HO C 

C 

C 

C 

C- 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C H 


H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 






Palmitie aeid (saturated) 







0 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

HO C 

C 

C 

C 

C 

C 

C 

C 

C = 

— C 

C 

e- 

-e 

C 

e- 

-e 

C 

C H 


H 

H 

H 

H 

H 

H 

H 



H 



H 



H 

H 






Linolenie aeid (unsaturated) 








Figure2.15 Fatty Aeids 

(a) Palmitie aeid is saturated (having no double bonds between the earbons). (b) Linolenie aeid is unsaturated (having three double bonds between the earbons). 
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Phosphoms 
Oxygen- 

Oarbon- 
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Polar (hydrophilie) region 

(phosphate- 
eontaining region) 


Nonpolar (hydrophobie) region 

(fatty aeids) 






Figlire 2.16 Phospholipids 

(a) Molecular model of a phospholipid. (b) Simplified depietion of a phospholipid. 
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Figure 2.17 steroids 

Steroids are four-ringed molecules that differ from one another aeeording to the groups attaehed to the rings. Cholesterol, the most eommon steroid, ean be modified 
to produce other steroids. 


progesterone, and testosterone. In addition, eholesterol is an important 
eomponent of eell membranes. Although high levels of eholesterol in 
the blood inerease the risk for cardiovascular disease, a eertain amount 
of eholesterol is vital for normal fbnetion. 

30 Give threefunctions of fats. What are the basie building bloeks of fat? 
Name the most eommon type of fat in the human body. 

31 What is the differenee between a saturated and an unsaturated fat? 
Between monounsaturated and polyunsaturated fats? 

32 Deseribe the structure of phospholipids. Define hydrophilie and 
hydrophobie. Which end of a phospholipid is hydrophilie? 

33 What are the functions of eieosanoids? Give three examples of 
eieosanoids. 

34 Deseribe the structure of steroids. Why is eholesterol an important 
steroid? 

Protens 

All proteins eontain earbon, hydrogen, oxygen, and nitrogen, and 
most have some sulfur. The building bloeks of proteins are amino 
(à-mè'nò) aeids, which are organie aeids eontaining an amine 
(à-mèn') group ( — NH 2 ) and a carboxyl group, a hydrogen atom, and 
a side ehain designated by the symbol R attaehed to the same earbon 
atom. The side ehain ean be a variety of ehemieal structures, and the 
differenees in the side ehains make the amino aeids different from one 
another (figure 2.18). There are 20 basie types of amino aeids. 

A peptide bond is a eovalent bond that binds two amino aeids 
together (see figure 2.8). A dipeptide is two amino aeids bound together 
by a peptide bond, a tripeptide is three amino aeids bound together by 
peptide bonds, and a polypeptide is many amino aeids bound together 
by peptide bonds. Proteins are polypeptides eomposed of hundreds of 
amino aeids joined together to form a ehain of amino aeids. 


The primary structure of a protein is determined by the 
sequence of the amino aeids bound by peptide bonds (figure 2.19 a). 
The potential number of different protein molecules is enormous 
because 20 different amino aeids exist, and eaeh amino aeid ean be 

R 

h 2 n-c-c-oh 

H O 

Amine Carboxyl 

group group 

H 

H 2 N-C-C“OH 

H O 
Glyeine 

OH 

o 

V 

CH 2 

H 2 N —e — e —OH 

H O 
Tyrosine 

Figure 2.18 Amino Aeids 


The general structure of an amino aeid 
showing the amine group (—NH 2 ), the 
carboxyl group (— COOH), and the 
hydrogen atom highlighted in yellow. 
The R side ehain is the part of an amino 
aeid that makes it different from other 
amino aeids. 


Glyeine is the simplest amino aeid. The 
side ehain is a hydrogen atom. 


Tyrosine, which has a more eomplieated 
side ehain, is an important 
eomponent of thyroid hormones. 



















































(a) Primary structure—the amino aeid 
sequence. A protein eonsists of a ehain 
of different amino aeids (represented by 
different eolored spheres). 




(b) Seeondary structure results from 

hydrogen bonding (dotted red lines). The 
hydrogen bonds cause the amino aeid 
ehain to form pleated (folded) sheets or 
heliees (eoils). 


Pleated sheet 


(e) Tertiary structure with seeondary folding 
caused by interaetions within the polypeptide 
and its immediate environment 


(d) Quaternary structure—the relationships 
between individual subunits 


Figure 2.19 Proteins 
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loeated at any position along a polypeptide ehain. The eharaeteristies 
of the amino aeids in a protein ultimately determine the three- 
dimensional shape of the protein, and the shape of the protein deter- 
mines its fìmetion. A ehange in one, or a few, amino aeids in the 
primary structure ean alter protein fìmetion, usually making the 
protein less or even nonfìmetional. 

The seeondary structure results from the folding or bending of 
the polypeptide ehain caused by the hydrogen bonds between amino 
aeids (figure 2.19^). Two eommon shapes that result are heliees (eoils) 
and pleated (folded) sheets. If the hydrogen bonds that maintain the 
shape of the protein are broken, the protein beeomes nonfìanetional. 
This ehange in shape is ealled denaturation, and it ean be caused by 
abnormally high temperatures or ehanges in the pH of body fluids. An 
everyday example of denamration is the ehange in the proteins of egg 
whites when they are eooked. 

The tertiary structure results from the folding of the heliees or 
pleated sheets (figure 2.19c). Some amino aeids are quite polar and 
therefore form hydrogen bonds with water. The polar portions of 
proteins tend to remain unfolded, maximizing their eontaet with 
water, whereas the less polar regions tend to fold into a globular 
shape, minimizing their eontaet with water. The formation of eova- 
lent bonds between sulfur atoms of one amino aeid and sulfur atoms 
of another amino aeid loeated at a different plaee in the sequence of 
amino aeids ean also contribute to the tertiary structure of proteins. 
The tertiary structure determines the shape of a domain, which is a 
folded sequence of 100—200 amino aeids within a protein. The func- 
tions of proteins occur at one or more domains. Therefore, ehanges 


in the primary or seeondary structure that affeet the shape of the 
domain ean ehange protein fìanetion. 

If two or more proteins assoeiate to form a fìanetional unit, the 
individual proteins are ealled subunits. The quaternary structure is 
the spatial relationships between the individual subunits (figure 2A9d). 

Proteins perform many important fianetions. For example, enzymes 
are proteins that regulate the rate of ehemieal reaetions, structural pro- 
teins provide the framework for many of the body’s tissues, and muscles 
eontain proteins that are responsible for muscle eontraetion. 

35 Name and deseribe the structure of the building bloeks of proteins. 
Define a peptide bond. 

36 What determines the primary, seeondary, tertiary, and quaternary 
structures of proteins? 

37 Define denaturation and name two things that ean cause it to occur. 

Enzymes 

An enzyme (en'zlm) is a large molecule, usually a protein, that func- 
tions as a eatalyst. Enzymes inerease the rate at which ehemieal reae- 
tions proeeed without being permanently ehanged. They inerease the 
rate of ehemieal reaetions by lowering the aetivation energy, which 
is the minimum energy neeessary to start a ehemieal reaetion. For 
example, heat in the form of a spark is required to start the reaetion 
between oxygen and gasoline. Most of the ehemieal reaetions that 
occur in the body have high aetivation energies, which are deereased 
by enzymes (figure 2.20) The lowered aetivation energies enable reae- 
tions to proeeed at rates that sustain life. 
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Figlire 2.20 Aetivation Energy and Enzymes apir 

(a) Aetivation energy is needed to ehange ATP to ADP.The upper shelf represents a higher energy level, and the lower shelf represents a lower energy level.The"wall" 
extending above the upper shelf represents the aetivation energy. Even though energy is given up moving from the upper to the lower shelf, the aetivation energy 
"wall" must be overeome before the reaetion ean proeeed. (b) The enzyme lowers the aetivation energy, making it easier for the reaetion to proeeed. 
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Figure 2.21 Enzyme Aetion 

The enzyme brings two reaeting molecules together. After the reaetion, the 
unaltered enzyme ean be used again. 

Consider this analogy, in which paper elips represent amino 
aeids and your hands represent enzymes. Paper elips in a box only 
oeeasionally join together. Using your hands, however, a ehain of 
paper elips ean be rapidly formed. In a similar fashion, enzymes ean 
quickly join amino aeids into a ehain, forming a protein. With an 
enzyme, the rate of a ehemieal reaetion ean take plaee more than a 
million times faster than without the enzyme. 

The three-dimensional shape of enzymes is eritieal for their nor- 
mal function. Aeeording to the loek-and-key model of enzyme 
aetion, the shape of an enzyme and that of the reaetants allow the 
enzyme to bind easily to the reaetants. Bringing the reaetants very 
elose to one another reduces the aetivation energy for the reaetion. 
Enzymes are very speeifie for the reaetions they eontrol because the 
enzyme and the reaetants must fit together. Thus, eaeh enzyme eon- 
trols only one type of ehemieal reaetion. After the reaetion takes plaee, 
the enzyme is released and ean be used again (figure 2.21). 

The ehemieal events of the body are regulated primarily by 
meehanisms that eontrol either the eoneentration or the aetivity of 
enzymes. The rate at which enzymes are produced in eells or whether 
the enzymes are in an aetive or inaetive form determines the rate of 
eaeh ehemieal reaetion. 

38 What is an enzyme? How do enzymes affeet aetivation energy and 
the speed of ehemieal reaetions? 

39 Deseribe the loek-and-key model of enzyme aetivity. Why are 
enzymes speeifie for the reaetions they eontrol? 

Nucleic Aeids: DNA and RNA 

Deoxyribonucleic (dé-oks'è-ri'bò-noo-klè'ik) aeid (DNA) is the 
genetie material of eells, and eopies of DNA are transferred from one 


generation of eells to the next. DNA eontains the information that 
determines the structure of proteins. Ribonucleic (rTbó-noo-klè'ik) 
aeid (RNA) is structurally related to DNA, and three types of RNA 
also play important roles in protein synthesis. In ehapter 3, the 
means by which DNA and RNA direet the fimetions of the eell are 
deseribed. 

The nucleic (noo-klè'ik, noo-klà'ik) aeids are large molecules 
eomposed of earbon, hydrogen, oxygen, nitrogen, and phosphoms. 
Both DNA and RNA eonsist of basie building bloeks ealled nucleo- 
tides (noo' klè-ò-tìdz). Eaeh nucleotide is eomposed of a sugar 
(monosaeeharide) to which a nitrogenous organie base and a phos- 
phate group are attaehed (figure 2.22). The sugar is deoxyribose for 
DNA, ribose for RNA. The organie bases are thymine (thi'mèn, 
thi'min), eytosine (si'tò-sèn), and uracil (ur'à-sil), which are single- 
ringed molecules, and adenine (ad'é-nèn) and guanine (gwahn'èn), 
which are double-ringed molecules. 

DNA has two strands of nucleotides joined together to form a 
twisted, ladderlike structure ealled a double helix. The uprights of the 
ladder are formed by eovalent bonds between the sugar molecules and 
phosphate groups of adjaeent nucleotides. The rungs of the ladder are 
formed by the bases of the nucleotides of one upright eonneeted to 
the bases of the other upright by hydrogen bonds. Eaeh nucleotide of 
DNA eontains one of the organie bases: adenine, thymine, eytosine, 
or guanine. Complementary base pairs are organie bases held 
together by hydrogen bonds. Adenine and thymine are eomplemen- 
tary base pairs because the structure of these organie bases allows two 
hydrogen bonds to form between them. Cytosine and guanine are 
eomplementary base pairs because the structure of these organie bases 
allows three hydrogen bonds to form between them. The two strands 
of a DNA molecule are said to be eomplementary. If the sequence of 
bases in one DNA strand is known, the sequence of bases in the other 
strand ean be predieted because of eomplementary base pairing. 

The sequence of organie bases in DNA is a “eode” that stores 
information used to determine the structures and fianetions of eells. 
A sequence of DNA bases that direets the synthesis of proteins or 
RNA molecules is ealled a gene (see ehapter 3 for more information 
on genes). Genes determine the type and sequence of amino aeids 
found in protein molecules. Because enzymes are proteins, DNA 
structure determines the rate and type of ehemieal reaetions that 
occur in eells by eontrolling enzyme structure. The information 
eontained in DNA, therefore, ultimately defines all cellular aetivi- 
ties. Other proteins, such as eollagen, that are eoded by DNA 
determine many of the structural features of humans. 

RNA has a structure similar to a single strand of DNA. Like 
DNA, four different nucleotides make up the RNA molecule, and 
the organie bases are the same, except that thymine is replaeed with 
uracil. Uracil ean bind only to adenine. 

40 Name two types of nucleic aeids. What are their functions? 

41 What are the basie building bloeks of nucleic aeids? What kinds of 
sugar and bases are found in DNA? In RNA? 

42 DNA is likea twisted ladder. Whatformsthe uprights and rungs ofthe 
ladder? 

43 Name the eomplementary base pairs in DNA and RNA. 

44 Define gene and explain how genes determine the structures and 
functions of eells. 
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1. The biiilding bloeks of niieleie 
aeids are nucleotides, which 
eonsist of a phosphate group, a 
sugar, and a nitrogen base. 

2. The phosphate groups eonneet the 
sugars to form two strands of 
nucleotides (purple co!umns). 

3. Hydrogen bonds (dotted red lines) 
between the nucleotides join the 
two nucleotide strands together. 
Adenine binds to thymine and 
eytosine binds to guanine. 

4. The two nucleotide strands eoil to 
form a double-stranded helix. 
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Figlire 2.22 Structure of DNA ap r 
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2.1 Basie ehemistry <p. 22) 

Matter, Mass, and weight 

1. Matter is anything that occupies spaee. 

2. Mass is the amount of matter in an objeet, and weight results from the 
gravitational attraetion between earth and matter. 

Elements and Atoms 

1. An element is the simplest type of matter that has unique ehemieal 
properties. 

2. An atom is the smallest partiele of an element that has the 
eharaeteristies of that element. An element is eomposed of only one 
kind of atom. 

Atomie Structure 

1. Atoms eonsist of neutrons, positively eharged protons, and negatively 
eharged eleetrons. 

2. Atoms are eleetrieally neutral because the number of protons in atoms 
equals the number of eleetrons. 

3. Protons and neutrons are found in the nucleus, and eleetrons, which are 
loeated around the nucleus, ean be represented by an eleetron cloud. 

Atomie Number and Mass Number 

1. The atomie number is the unique number of protons in eaeh atom of 
an element. The mass number is the number of protons and neutrons. 

2. Isotopes are two or more forms of the same element that have the same 
number of protons but different numbers of neutrons. 

Eleetrons and ehemieal Bonding 

1. ionie bonding results when an eleetron is transferred from one atom to 
another. 

2. Cations are positively eharged ions and anions are negatively eharged ions. 

3. Covalent bonding results when a pair of eleetrons are shared between 
atoms. Eleetrons are shared equally in nonpolar eovalent bonds and ean 
result in nonpolar molecules. Eleetrons are shared unequally in polar 
eovalent bonds, producing polar molecules with asymmetrie eleetrieal 
eharges. 

Hydrogen Bonds 

A hydrogen bond is the weak attraetion that occurs between the oppositely 

eharged regions of polar molecules. Hydrogen bonds are important in 

determining the three-dimensional structure of large molecules. 

Molecules and Compounds 

1. A molecule is two or more atoms ehemieally eombined to form a 
structure that behaves as an independent unit. 

2. A compound is two or more different types of atoms ehemieally 
eombined. A compound ean be a molecule (eovalent compound) or an 
organized array of ions (ionie compound). 

3. The kinds and numbers of atoms (or ions) in a molearle or compound 
ean be represented by a formula eonsisting of the symbols of the atoms (or 
ions) plus subscripts denoting the number of eaeh type of atom (or ion). 

Solubility and Dissoeiation 

1. Solubility is the ability of one substance to dissolve in another. 

2. Dissoeiation is the separation of ions in an ionie compound by polar 
water molecules. Dissoeiated ions are ealled eleetrolytes because they 
ean conduct eleetrieity. 

3. Noneleetrolytes are moleailes that do not dissoeiate in water. 


2.2 ehemieal Reaetions <p. 27) 

1. A synthesis reaetion is the eombination of reaetants to form a new, 
larger product. A dehydration reaetion is a synthesis reaetion in which 
water is a product. 

2. A deeomposition reaetion is the breakdown of larger reaetants into 
smaller products. A hydrolysis reaetion is a deeomposition reaetion that 
uses water. 

3. Metabolism is all of the synthesis and deeomposition reaetions in the 
body. 

Reversible Reaetions 

1. In a reversible reaetion, the reaetants ean form products, or the 
products ean form reaetants. 

2. The amount of reaetants relative to products is eonstant at equilibrium. 

Energy and ehemieal Reaetions 

1. Energy is the eapaeity to do work. Potential energy is stored energy that 
could do work, and kinetie energy does work by causing the movement 
of an objeet. 

2. Energy ean be neither ereated nor destroyed, but one type of energy ean 
be ehanged into another. 

3. Energy exists in ehemieal bonds as potential energy. 

4. Energy is released in ehemieal reaetions when the products eontain less 
potential energy than the reaetants. The energy ean be lost as heat, ean 
be used to synthesize molecules, or ean do work. 

3. Energy is absorbed in reaetions when the products eontain more 
potential energy than the reaetants. 

6. ATP stores and provides energy. 

Rate of ehemieal Reaetions 

1. The rate of ehemieal reaetions inereases when the eoneentration of the 
reaetants inereases, temperature inereases, or a eatalyst is present. 

2. A eatalyst (enzyme) inereases the rate of ehemieal reaetions without 
being altered permanently. 

2.3 Aeids and Bases <p. 31 ) 

Aeids are proton (hydrogen ion, H + ) donors, and bases are proton aeeeptors. 

The pH Seale 

1. A neutral solution has an equal number of H + and OH - and a pH of 7.0. 

2. An aeidie solution has more H + than OH - and a pH of less than 7.0. 

3. A basie solution has fewer H + than OH~ and a pH greater than 7.0. 

Salts 

A salt is formed when an aeid reaets with a base. 

Buffers 

Buffers are ehemieals that resist ehanges in pH when aeids or bases are added. 

2.4 inorganie ehemistry (p. 33) 

inorganie ehemistry is mostly eoneerned with non-earbon-eontaining 

substances but does include such earbon-eontaining substances as earbon 

monoxide, earbon dioxide, and the biearbonate ion. 

Oxygen and earbon Dioxide 

1. Oxygen is involved with the extraction of energy from food molecules. 

2. Oarbon dioxide is a by-product of the breakdown of food molecules. 
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water 

1. Water stabilizes body temperature. 

2. Water provides proteetion by aeting as a lubricant or cushion. 

3. Water is neeessary for many ehemieal reaetions. 

4. Water transports many substances. 

2.5 Organie ehemistry <p. 33) 

Organie molecules eontain earbon atoms bound together by eovalent bonds. 

earbohydrates 

1. Oarbohydrates provide the body with energy. 

2. Monosaeeharides are the building bloeks that form more complex 
earbohydrates, such as disaeeharides and polysaeeharides. 

Lipids 

1. Lipids are substances that dissolve in nonpolar solvents, such as aleohol 
or aeetone, but not in polar solvents, such as water. Fats, phospholipids, 
eieosanoids, and steroids are examples of lipids. 

2. Lipids provide energy (fats), are structural eomponents (phospholipids), 
and regulate physiologieal proeesses (eieosanoids and steroids). 

3. The building bloeks of triglyeerides (fats) are glyeerol and fatty aeids. 

4. Fatty aeids ean be saturated (have only single eovalent bonds between 
earbon atoms) or unsaturated (have one or more double eovalent bonds 
between earbon atoms). 


Proteins 

1. Proteins regulate ehemieal reaetions (enzymes), are structural 
eomponents, and cause muscle eontraetion. 

2. The building bloeks of proteins are amino aeids, which are joined by 
peptide bonds. 

3. The number, kind, and arrangement of amino aeids determine the 
primary structure of a protein. Hydrogen bonds between amino aeids 
determine seeondary structure, and hydrogen bonds between amino 
aeids and water determine tertiary structure. interaetions between 
different protein subunits determine quaternary structure. 

4. Denaturation of proteins dismpts hydrogen bonds, which ehanges the 
shape of proteins and makes them nonffmetional. 

3. Enzymes speed up ehemieal reaetions by lowering their aetivation 
energy. They bind to reaetants aeeording to the loek-and-key model. 

Nucleic Aeids: DNA and RNA 

1. The basie unit of nucleic aeids is the nucleotide, which is a 
monosaeeharide with an attaehed phosphate and organie base. 

2. DNA nucleotides eontain the monosaeeharide deoxyribose and the 
organie base adenine, thymine, guanine, or eytosine. DNA occurs as a 
double strand of joined nucleotides and is the genetie material of eells. 

3. RNA nucleotides are eomposed of the monosaeeharide ribose. The 
organie bases are the same as for DNA, except that thymine is replaeed 
with uracil. 



2.1 Basie ehemistry (p. 22) 


1. The smallest partiele of an element that still has the ehemieal 
eharaeteristies of that element is a (an) 

a. eleetron. e. neutron. e. atom. 

b. molecule. d. proton. 


2. The number of eleetrons in an atom is equal to the 


a. atomie number. 

b. mass number. 

3. A eation is a (an) 

a. uncharged atom. 

b. positively eharged atom. 
e. negatively eharged atom. 


e. number of neutrons. 
d. isotope number. 

d. atom that has gained an eleetron. 

e. both e and d. 


4. A polar eovalent bond between two atoms occurs when 

a. one atom attraets shared eleetrons more strongly than another atom. 

b. atoms attraet eleetrons equally. 

e. an eleetron from one atom is eompletely transferred to another atom. 
d. a hydrogen atom is shared between two different atoms. 


3. Table salt (NaCl) is 

a. an atom. e. a molecule. 

b. organie. d. a compound. 


6. The weak attraetive foree between two water molecules forms a (an) 

a. eovalent bond. e. ionie bond. e. isotope. 

b. hydrogen bond. d. compound. 


2.2 ehemieal Reaetions (p. 27) 

7. Concerning ehemieal reaetions, 

a. the formation of ADP is an example of a synthesis reaetion. 

b. synthesis reaetions in which water is a product are ealled hydrolysis 


e. basie building bloeks from food are eombined in deeomposition 
reaetions. 

d. the amount of reaetants relative to products remains eonstant in 
reversible reaetions. 

e. all of the above. 

8. Potential energy 

a. is energy caused by movement of an objeet. 

b. is the form of energy that is actually doing work. 
e. includes energy within ehemieal bonds. 

d. ean never be eonverted to kinetie energy. 

e. all of the above. 

9. ATP 

a. is formed by the addition of a phosphate group to ADP. 

b. formation requires energy obtained from the breakdown of food 
molecules. 

e. stores potential energy. 

d. eontains three phosphate groups. 

e. all of the above. 

10. An inerease in the speed of a ehemieal reaetion occurs if 

a. the aetivation energy requirement is deereased. 

b. eatalysts are inereased. 
e. temperature inereases. 

d. the eoneentration of the reaetants inereases. 

e. all of the above. 

2.3 Aeids and Bases <p. 31 ) 

11. A solution with a pH of 5 is_and eontains 

_H + than a neutral solution. 

a. a base, more d. an aeid, fewer 

b. a base, fewer e. neutral, the same number of 

e. an aeid, more 


reaetions. 
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12. A buffer 

a. slows down ehemieal reaetions. 

b. speeds up ehemieal reaetions. 
e. inereases the pH of a solution. 

d. maintains a relatively eonstant pH. 

2.4 inorganie ehemistry <p. 33) 

13. Water 

a. is eomposed of two oxygen atoms and one hydrogen atom. 

b. temperature inereases dramatieally when small amounts of heat 
are absorbed. 

e. is eomposed of polar molecules into which ionie substances 
dissoeiate. 

d. is a very small organie molecule. 

2.5 Organie ehem istry <p. 33) 

14. Which of these is a earbohydrate? 

a. glyeogen e. steroid e. polypeptide 

b. prostaglandin d. DNA 

13. The polysaeeharide used for energy storage in the human body is 

a. cellulose. e. laetose. e. stareh. 

b. glyeogen. d. sucrose. 

16. The basie units or building bloeks of triglyeerides are 

a. simple sugars (monosaeeharides). 

b. double sugars (disaeeharides). 

e. amino aeids. 

d. glyeerol and fatty aeids. 

e. nucleotides. 


17. A_fatty aeid has one double eovalent bond between 

earbon atoms. 

a. eholesterol e. phospholipid e. saturated 

b. monounsaturated d. polyunsaturated 

18. The_structure of a protein results from the folding of 

the pleated sheets or heliees. 

a. primary e. tertiary 

b. seeondary d. quaternary 

19. Which of these statements about enzymes is true? 

a. Enzymes are proteins. 

b. Enzymes lower the aetivation energy of ehemieal reaetions. 

e. Enzymes inerease the rate of ehemieal reaetions without being 
permanently altered in the proeess. 

d. The shape of enzymes is eritieal for their normal ffmetion (loek- 
and-key model). 

e. all of the above. 

20. DNA molecules 

a. eontain genes. 

b. eonsist of a single strand of nucleotides. 
e. eontain the nucleotide uracil. 

d. are held together when adenine binds to guanine and thymine 
binds to eytosine. 

Answers in Appendix E 


eritieal Thinking 


1. If an atom of iodine (I) gains an eleetron, what is the eharge of the 
resulting ion? Write the symbol for this ion. 

2. For eaeh of the following ehemieal equations, determine if a synthesis 
reaetion, a deeomposition reaetion, or dissoeiation has taken plaee: 

a. HC1 -> H+ + Cl“ 

b. Glucose + Fmetose -► Sucrose (table sugar) 

e. 2 H^O -► 2 H^ + O 2 

3. In terms of the energy in ehemieal bonds, explain why eating food is 
neeessary for inereasing muscle mass. 

4. Given that the hydrogen ion eoneentration in a solution is based on the 
following reversible reaetion: 

C0 2 + H 2 0 H+ + HC0 3 - 


What happens to the pH of the solution when NaHC0 3 (sodium 
biearbonate) is added to the solution? (. Hint: The sodium biearbonate 
dissoeiates to form Na+ and HC0 3 _ .) 

3. What is the pH of a solution produced by mixing solution A, with a 
pH of 6, with equal amounts of solution B, with a pH of 8? 

6. A mixture of ehemieals is warmed slightly. As a consequence, although 
little heat is added, the solution beeomes very hot. Explain what 
happens to make the solution hot. 

7. Two solutions, when mixed together at room temperature, produce a 
ehemieal reaetion. When the solutions are boiled, however, and allowed 
to eool to room temperamre before mixing, no ehemieal reaetion takes 
plaee. Explain. 

Answers in Appendix F 
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lntroduction 

T he eell is the basie living unit of all organisms. The simplest 

organisms eonsist of single eells. It is estimated that humans 
are eomposed of 10 to 100 trillion eells. An average-sized 
eell is one-fifth the size of the smallest dot you ean make on a 
sheet of paper with a sharp peneil. If eaeh eell of the body were 
the size of a standard briek, the eolossal human statue made from 
those brieks would be 6 miles high! Light mieroseopes allow us 
to visualize general feamres of eells. Eleetron mieroseopes, 
which aehieve higher magnifieations than light mieroseopes, are 
used to study the fine structure of eells. A seanning eleetron 
mieroseope (SEM) allows us to see features of the eell surface 
and the surfaces of internal structures. A transmission eleetron 
mieroseope (TEM) allows us to see a through” parts of the eell 
and thus to diseover other aspeets of eell structure. 

All the eells of an individual originate from a single fertilized 
eell. During development, eell division and speeialization give rise 
to a wide variety of eell types, such as nerve, muscle, bone, fat, and 
blood eells. Eaeh of the body’s over 200 different eell types has 
important eharaeteristies that are eritieal to the normal fianetion of 
the body as a whole. Maintaining homeostasis is neeessary to keep 
the trillions of eells that form the body fimetioning normally. 

The study of eells is an important link between the study 
of ehemistry in ehapter 2 and tissues in ehapter 4. Knowledge of 
ehemistry makes it possible to understand eells because eells are 
eomposed of ehemieals responsible for many of the eharaeteris- 
ties of eells. Cells, in turn, determine the form and fimetions of 
the tissues of the body. In addition, a great many diseases and 
other human disorders have a cellular basis. 


3.1 Cell Organization and 

Fnnetions 

Eaeh eell is a highly organized unit. The plasma (plaz'mà) mem- 
brane, or eell membrane forms the outer boundary of the eell, 
through which the eell interaets with its external environment. 
Within eells, speeialized structures ealled organelles (or'gà-nelz, little 
organs) perform speeifie fimetions (figure 3.1 and table 3.1). The 
nucleus is an organelle, usually loeated eentrally in the eell. It eontains 
the eelfs genetie material and direets eell aetivities. Cytoplasm (sl'tò- 
plazm, eyto-, eell + plasma, a thing formed), loeated between the 
nucleus and plasma membrane, eontains many organelles. The num- 
ber and kinds of organelles within eaeh eell type determine the eell's 
speeifie structure and fiinetions. 

The main fiinetions of the eell are 

1. Cell metabolism and energy use. The ehemieal reaetions that 
occur within eells are referred to eolleetively as eell 
metabolism. Energy released during metabolism is used for eell 
aetivities, such as the synthesis of new molecules and muscle 
eontraetion. Heat produced during metabolism helps maintain 
body temperature. 


2. Synthesis ofmoleenles. The structural and fiinetional 
eharaeteristies of eells are determined by the types of molecules 
they produce. Cells differ from eaeh other because they 
synthesize different kinds of molecules, including lipids, 
proteins, and nucleic aeids. For example, bone eells produce 
and seerete a mineralized material, making bone hard, whereas 
muscle eells eontain proteins that enable the eells to shorten, 
resulting in eontraetion of muscles. 

3. Communication. Cells produce and reeeive ehemieal and 
eleetrie signals that allow them to communicate with one 
another. For example, nerve eells communicate with one 
another and with muscle eells, causing muscle eells to eontraet. 

4. Reproduction and inheritanee. Most eells eontain a eopy of all 
the genetie information of the individual. This genetie 
information ultimately determines the structural and fiinetional 
eharaeteristies of the eell. During the growth of an individual, 
eells divide to produce new eells, eaeh eontaining the same 
genetie information. Speeialized eells of the body, ealled 
gametes, are responsible for transmitting genetie information to 
the next generation. 

1 Define plasma membrane, organelle, eytoplasm, and eellmetabolism. 

2 What are the main fimetions of the eell? 

3.2 Plasma Membrane 

The plasma (plaz'mà) membrane is the outermost eomponent of a 
eell. The plasma membrane eneloses the eell, supports the eell eon- 
tents, is a seleetive barrier that determines what moves into and out 
of the eell, and plays a role in communication between eells. 
Substances inside the eell are ealled intracellular substances, and 
those outside the eell are ealled extracellular substances. Sometimes 
extracellular substances are referred to as intercellular, meaning 
between eells. 

The predominant lipids of the plasma membrane are P h ospho- 
lipids and eholesterol. Phospholipids readily assemble to form a 
lipid bilayer, which is a double layer of phospholipid molecules. The 
polar, phosphate-eontaining ends of the phospholipids are hydro- 
philie (water loving) and therefore faee the water inside and outside 
the eell. The nonpolar, fatty aeid ends of the phospholipids are 
hydrophobie (water fearing) and therefore faee away from the water 
on either side of the membrane, toward the eenter of the double layer 
of phospholipids (figure 3.2). The double layer of phospholipids 
forms a lipid barrier between the inside and outside of the eell. 

The modern eoneept of the plasma membrane, the fluid-mosaic 
model, suggests that the plasma membrane is highly flexible and ean 
ehange its shape and eomposition through time. The lipid bilayer 
fiinetions as a liquid in which other molecules, such as eholesterol 
and proteins, are suspended. Cholesterol within the phospholipid 
membrane gives it added strength and flexibility. 

Protein molecules “float” among the phospholipid molecules 
and in some eases extend from the inner to the outer surface of the 
plasma membrane. Membrane proteins ean fiinetion as marker mol- 
ecules, attaehment proteins, transport proteins, reeeptor proteins, or 
enzymes. The ability of membrane proteins to fimetion depends on 
their three-dimensional shapes and their ehemieal eharaeteristies. 
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Figure 3.1 eeii ap r 

A generalized human eell showing the plasma membrane, nucleus, and eytoplasm with its organelles. Although no single eell eontains all these organelles, many eells 
eontain a large number of them. 


Marker molecules are eell surface molecules that allow eells to 
identify one another or other molecules. They are mostly glyeopro- 
teins, which are proteins with attaehed earbohydrates, or glyeolipids, 
which are lipids with attaehed earbohydrates. Marker molecules 
allow immune eells to distinguish between self-eells and foreign eells, 
such as baeteria or donor eells in an organ transplant. Intercellular 
reeognition and communication are important because eells are not 
isolated entities. 

Attaehment proteins allow eells to attaeh to other eells or to 
extracellular molecules. Many attaehment proteins also attaeh to 
intracellular molecules. Cadherins are proteins that attaeh eells 
to other eells. Integrins are proteins that attaeh eells to extracellular 
molecules. Because of their interaetion with intracellular molecules, 
integrins also function in cellular communication. 

Transport proteins extend from one surface of the plasma 
membrane to the other and move ions or molecules aeross the 
plasma membrane. Transport proteins include ehannel proteins, 
earrier proteins, and ATP-powered pumps (see “Movement 
Through the Plasma Membrane,” next seetion). Channel pro- 
teins form membrane ehannels, which are like small pores 
extending from one surface of the plasma membranes to the 
other (see figure 3.2). 


Reeeptor proteins are proteins or glyeoproteins in the plasma 
membrane with an exposed reeeptor site on the outer eell surface, 
which ean attaeh to speeifie ehemieal signals. Many reeeptors and the 
ehemieal signals they bind are part of intercellular communication 
systems that eoordinate eell aetivities. One eell ean release a ehemieal 
signal that moves to another eell and binds to its reeeptor. The bind- 
ing aets as a signal that triggers a response. The same ehemieal signal 
has no effeet on other eells laeking the speeifie reeeptor molecule. 

Enzymes are protein eatalysts which inerease the rate of ehemi- 
eal reaetions on either the inner or the outer surface of the plasma 
membrane. For example, some enzymes on the surface of eells in the 
small intestine promote the breakdown of dipeptides to form two 
single amino aeids. 

3 Define introcellular, extracellular, and intercellular. 

4 How do the hydrophilie heads and hydrophobie tails of phospholipid 
moleeiiles result in a lipid bilayer? 

5 Deseribe the fluid-mosaic model of the plasma membrane. What is 
thefunction of eholesterol in plasma membranes? 

6 List five kinds of plasma membrane proteins and state their functions. 

7 Define glyeolipid, glyeoprotein, eadherin, and integrin. 































48 


ehapter 3 


Table 3.1 


Summary of eell Parts and Functions 


Plasma Membrane 

Lipid bilayer eomposed of phospholipids and eholesterol 
with proteins that extend aeross or are embedded in 
either surface of the lipid bilayer 

Outer boundary of eells that eontrols the entry and exit 
of substances; attaehes to other eells or intercellular 
molecules; part of intercellular eomnrmnieation and 
identifieation; eatalyzes ehemieal reaetions 

Cytoplasm: Cytosol 

Fluid part 

Water with dissolved ions and molecules; eolloid with 
suspended proteins 

Contains enzymes that eatalyze the synthesis and 
breakdown of molecules 

Cytoskeleton 

Microtubules 

Hollow eylinders eomposed of protein; 25 nm in diameter 

Support the eytoplasm and form eentrioles, spindle 
fibers, eilia, and flagella 

Aetin filaments 

Small fibrils of the protein aetin; 8 nm in diameter 

Provide structural support to eells, support mierovilli, 
are responsible for eell movements 

Intermediate filaments 

Protein fibers; 10 nm in diameter 

Provide structural support to eells 

Cytoplasmic 

Aggregates of molecules manufactured or ingested by the 

Function depends on the molecules: energy storage 

inclusions 

eell; may be membrane-bound 

(lipids, glyeogen), oxygen transport (hemoglobin), skin 
eolor (melanin), and others 

Nucleus 

Nuclear envelope 

Double membrane enelosing the nucleus; the outer 
membrane is continuous with the endoplasmie reticulum; 
nuclear pores extend through the nuclear envelope 

Separates nucleus from eytoplasm; allows movement of 
materials into and out of nucleus 

ehromatin 

Dispersed, thin strands of DNA, histones, and other proteins; 
eondenses to form ehromosomes during eell division 

DNA regulates protein (e.g., enzyme) synthesis and 
therefore the ehemieal reaetions of the eell; DNA is the 
genetie, or hereditary, material. 

Nucleolus 

One or more dense bodies eonsisting of ribosomal 

RNA and proteins 

Assembly site of large and small ribosomal subunits 


Cell Parts 


Structure 


Function 


Cytoplasmic Organelles 

Ribosome 


Rough endoplasmie 
reticulum 

Smooth endoplasmie 
reticulum 

Golgi apparatus 


Seeretory vesiele 

Lysosome 

Peroxisome 


Proteasomes 

Mitoehondria 


Centrioles 


Spindlefibers 


Cilia 


Flagellum 


Mierovilli 


Ribosomal RNA and proteins form large and small ribosomal 
subunits; attaehed to endoplasmie reticulum, or free 
ribosomes are distributed throughout the eytoplasm 

Membranous tubules and flattened saes with attaehed 
ribosomes 

Membranous tubules and flattened saes with no attaehed 
ribosomes 

Flattened membrane saes staeked on eaeh other 


Site of protein synthesis 


Membrane-bound sae pinehed off Golgi apparatus 
Membrane-bound vesiele pinehed off Golgi apparatus 
Membrane-bound vesiele 


Tubelike protein complexes in the eytoplasm 

Spherieal, rod-shaped, or threadlike structures; enelosed 
by double membrane; inner membrane forms eristae 

Pair of eylindrieal organelles in the eentrosome, eonsisting 
of triplets of parallel microtubules 

Microtubules extending from the eentrosome to 
ehromosomes and other parts of the eell (i.e., aster fibers) 

Extensions of the plasma membrane eontaining parallel 
microtubules; 10 pm in length 

Extension of the plasma membrane eontaining parallel 
microtubules; 55 pm in length 

Extension of the plasma membrane eontaining aetin 
filaments 


Ribosome attaehment site; transports and modifies 
proteins. 

Manufactures lipids and earbohydrates; detoxifies 
harmful ehemieals; stores calcium 

Modifies proteins and lipids and paekages them into 
vesieles for distribution (e.g., for internal use, seeretion, 
or to beeome part of the plasma membrane) 

Carries proteins to eell surface for seeretion 

Contains digestive enzymes 

One site of lipid and amino aeid degradation; breaks 
down hydrogen peroxide 

Break down proteins in the eytoplasm 

Major sites of ATP synthesis 


Centers for microtubule formation; determine eell 
polarity during eell division 

Assist in the separation of ehromosomes during eell 
division 

Move materials over the surfaces of eells 


n humans, moves sperm eells 


inerease surface area of the plasma membrane for 
absorption and seeretion 
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Figlire 3.2 Plasma Membrane RP!RJ 

(a) Fluid-mosaic model ofthe plasma membrane.The membrane is eomposed of a bilayer of phospholipids 
and eholesterol with proteins"fìoating"in the membrane.The nonpolar hydrophobie region of eaeh 
phospholipid molecule is direeted toward either the extracellular fìuid or eytoplasm. (b) Proteins at either 
surface of the lipid bilayer stain more readily than the lipid bilayer does and give eaeh membrane the 
appearanee of eonsisting ofthree parts:Thetwo outer parts eonsist of proteins and the phospholipid 
heads, and the eentral part is eomposed of the phospholipid tails and eholesterol. 


3.3 Movement Through the 

Plasma Membrane 

Plasma membranes are seleetively permeable, allowing some sub- 
stanees, but not others, to pass into or out of the eells. Intracellular 
fluid has a different eomposition from extracellular fluid, and the 
survival of eells depends on maintaining the differenee. Substances 
such as enzymes, glyeogen, and potassium ions are found at higher 
eoneentrations intracellularly; and Na + , Ca 2+ , and Cl“ are found in 
greater eoneentrations extracellularly. In addition, nutrients must 
enter eells continually, and waste products must exit. Cells ean main- 
tain proper intracellular eoneentrations of ions and molecules 
because of the permeability eharaeteristies of plasma membranes and 
their ability to transport eertain ions and molecules. Rupture of the 
membrane, alteration of its permeability eharaeteristies, or inhibition 


of transport proeesses dismpts the normal intracellular eoneentration 
of molecules and ean lead to eell death. 

Ions and molecules move aeross plasma membranes by diffu- 
sion, osmosis, mediated transport, and vesicular transport. 

8 Define seleetivelypermeable. 

9 List four ways that substances move aeross the plasma membrane. 

Diffusion 

Difíiision is the tendeney for ions and molecules to move from an 
area of higher eoneentration to an area of lower eoneentration in a 
solution. Lipid-soluble molecules, such as oxygen, earbon dioxide, 
and steroid hormones, readily diffuse through plasma membranes 
by dissolving in the phospholipid bilayer. Most non-lipid-soluble 
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1. Lipid-soluble molecules diffuse direetly through the plasma membrane. 

2. Most non-lipid-soluble molecules and ions do not diffuse through the 
plasma membrane. 

3. Some speeifie non-lipid-soluble molecules and ions pass through 
membrane ehannels or other transport proteins. 

Proeess Figure 3.3 Movement Through the Plasma 

Membrane 

molecules and ions do not pass through the phospholipid bilayer. 
Instead, they pass through transport proteins, such as membrane 
ehannels (figure 3.3). The normal intracellular eoneentrations of 
many substances depend on diffiision, and some nutrients enter and 
some waste products leave eells by diffusion. For example, if the 
extracellular eoneentration of oxygen is reduced, not enough oxygen 
difftises into the eell, and normal eell fimetion eannot occur. 
Difffision is also an important means of movement of substances 
through the extracellular and intracellular fluids in the body. 


A few terms need to be defined in order to better understand 
diffhsion. A solution is any mixture of liquids, gases, or solids in 
which the substances are uniformly distributed with no elear 
boundary between the substances. For example, a salt solution eon- 
sists of salt dissolved in water, air is a solution eontaining a variety 
of gases, and wax is a solid solution of several fatty substances. 
Solutions are often deseribed in terms of one substance dissolving in 
another: The solute (sol'tit) dissolves in the solvent. In a salt solu- 
tion, water is the solvent and the dissolved salt is the solute. Sweat 
is a salt solution in which sodium ehloride (NaCl) and other solutes 
are dissolved in water. 

A eoneentration differenee occurs when the eoneentration of a 
solute is greater at one point than at another point in a solvent. For 
example, when a sugar cube is plaeed in a beaker of distilled, or pure, 
water, sugar dissolves into the water. There is a greater eoneentration 
of sugar near the cube than away from it (figure 3.4, step 1). A 
eoneentration gradient is the eoneentration differenee between two 
points divided by the distanee between the two points. Difffision 
results from the eonstant, random motion of molecules and ions in a 
solution. Because the sugar molecules move randomly, like Ping-Pong 
balls in a lottery drawing, the ehanees are greater that they will move 
from a higher to a lower eoneentration than from a lower to a higher 
eoneentration. The sugar molecules are said to diffhse down, or with, 
their eoneentration gradient, from the area of higher sugar eoneen- 
tration to the area of lower sugar eoneentration (figure 3.4, step 2). 
At equilibrium, difffision stops when the sugar molecules are uni- 
formly distributed throughout the solution such that the random 
movement of the sugar molecules in any one direetion is balaneed by 
an equal movement in the opposite direetion (figure 3.4, step 3). 

The rate of diffiision is influenced by the magnimde of the 
eoneentration gradient. The greater the eoneentration gradient, the 
greater the number of solute partieles moving from a higher to a 
lower solute eoneentration. The eoneentration gradient inereases, or 
is said to be steeper, when the eoneentration differenee between two 
points inereases and/or the distanee between them deereases. 







Concentration 
gradient for sugar 





1. VVhen a sugar cube is plaeed 
into a beaker of water, there 
is a eoneentration gradient for 
sugar molecules from the 
sugar cube to the water that 
surrounds it.There is also a 
eoneentration gradient for 
water molecules from the 
water toward the sugar cube. 


2. Sugar molecules (green 
areas) move down their 
eoneentration gradient (from 
an area of higher 
eoneentration toward an 
area of lower eoneentration) 
into the water. 


3. Sugar molecules and water 
molecules are distributed 
evenly throughout the 
solution. Even though the 
sugar and water molecules 
continue to move randomly, 
an equilibrium exists, and no 
net movement occurs 
because no eoneentration 
gradient exists. 


Proeess Figure 3.4 Diffusion Kirj 




































Cell Structures and Their Functions 


51 


10 Define diffiision, solution, solute, and solvent. 

11 What causes diffusion and how does it stop? 

12 What is the eoneentration gradient and how is it related to diffusion? 

13 How is the rate of diffusion affeeted by an inereased eoneentration 
gradient? How ean the eoneentration gradient be inereased? 


Prediet 



Urea is a toxic waste produced inside liver eells. It diffuses from those eells into 
the blood and is eliminated from the body by the kidneys. What would happen 
to the intracellular and extracellular eoneentration of urea if the kidneys 
stopped functioning? 


Three terms deseribe the relative osmotie eoneentration of 
solutions based on the number of solute partieles, which ean be 
ions, molecules, or a eombination of ions and molecules. The num- 
ber, not the type, of solute partieles determines osmotie pressure. 
isosmotie (ì'sos-mot'ik) solutions have the same eoneentration of 
solute partieles and the same osmotie pressure. If one solution has 
a greater eoneentration of solute partieles, and therefore a greater 
osmotie pressure, than another solution, the first solution is said to 
be hyperosmotie (hl'per-oz-mot'ik) eompared with the more 
dilute solution. The more dilute solution, with the lower osmotie 
eoneentration and pressure, is hyposmotie (hí-pos-mot'ik), eom- 
pared with the more eoneentrated solution. 


Osmosis 

Osmosis (os-mò'sis, a thmsting) is the movement of water (a solvent) 
aeross a seleetively permeable membrane, such as the plasma mem- 
brane. Water ean move through the lipid bilayer of the plasma mem- 
brane. Rapid movement of water through the plasma membrane occurs 
through water ehannels, or aquaporins, in some eells, such as kidney 
eells. Osmosis is important to eells because large volume ehanges caused 
by water movement disrnpt normal eell fiinetion. 

A seleetively permeable membrane allows water, but not all the 
solutes dissolved in the water, to move through the membrane. Water 
moves aeross a seleetively permeable membrane from a solution with 
a higher water eoneentration into a solution with a lower water eon- 
eentration. Solution eoneentrations, however, are defined in terms of 
solute eoneentrations, not in terms of water eoneentration (see 
appendix C). For example, adding salt (solute) to distilled water 
produces a salt (NaCl) solution. The eoneentration of the salt solution 
inereases as more and more salt is added to the water. Proportionately, 
as the eoneentration of salt inereases, the eoneentration of water 
deereases. Therefore, water moves from a less eoneentrated solution, 
which has fewer solute molecules but more water molecules, into a 
more eoneentrated solution, which has more solute molecules but 
fewer water molecules (figure 3.5 and table 3.2). 

Osmotie pressure is the foree required to prevent the movement 
of water by osmosis aeross a seleetively permeable membrane. Osmotie 
pressure ean be measured by plaeing a solution into a tube that is elosed 
at one end by a seleetively permeable membrane and immersing the tube 
in distilled water (see figure 3.5, step 1). Water molecules move by osmo- 
sis through the membrane into the tube, foreing the solution to move up 
the tube (see figure 3.5, step 2). As the solution rises, the weight of the 
column of water in the tube produces a pressure, ealled hydrostatie 
pressure, which moves water out of the tube baek into the distilled water 
surrounding the tube (see figure 3.5, step 3). Net movement ofwater into 
the tube stops when the hydrostatie pressure in the tube causes water to 
move out of the tube at the same rate that it moves into the tube by 
osmosis. The osmotie pressure of the solution in the tube is equal to the 
hydrostatie pressure that prevents net movement of water into the tube. 

The greater the eoneentration of a solution, the greater is its osmotie 
pressure. This occurs because water moves from less eoneentrated solu- 
tions (less solute, more water) into more eoneentrated solutions (more 
solute, less water). The greater the eoneentration of a solution, the 
greater the tendeney for water to move into the solution, and the greater 
the osmotie pressure must be to prevent that movement. 




Solution A is hyperosmotie to solution B and, therefore, solution B is hyposmotie 
to solution A. If solutions A and B are separated by a seleetively permeable 
membrane, will water move from the hyperosmotie solution into the hyposmotie 
solution, or viee versa? Explain. 


Cells will swell, remain unchanged, or shrink when plaeed into 
a solution. When a eell is plaeed into a hypotonie (hl'pò-ton'ik, 
hypo, under + tonos, tone) solution, the solution usually has a lower 
eoneentration of solutes and a higher eoneentration of water than the 
eytoplasm of the eell. Water moves by osmosis into the eell, causing 
it to swell. If the eell swells enough, it ean rupture, a proeess ealled 
lysis (ll'sis, loosening) (figure 3 .6a). When a eell is immersed in an 
isotonie (l'sò-ton'ik, iso, equal) solution, the eoneentrations ofvari- 
ous solutes and water are the same on both sides of the plasma mem- 
brane. The eell therefore neither shrinks nor swells (figure 3 .Gb). In 
general, solutions injeeted into the blood or into tissues must be 
isotonie because swelling or shrinking dismpts normal eell fimetion 
and ean lead to eell death. When a eell is immersed in a hypertonie 
(hl'per-ton'ik, hyper, above) solution, the solution usually has a 
higher eoneentration of solutes and a lower eoneentration of water 
than the eytoplasm of the eell. Water moves by osmosis from the eell 
into the hypertonie solution, resulting in eell shrinkage (figure 3.6c). 

14 Define osmosis and osmotie pressure. As the eoneentration of a 
solution inereases, what happens to its osmotie pressure and to the 
tendeney for water to move into it? 

15 Compare the osmotie pressure of isosmotie, hyperosmotie, and 
hyposmotie solutions. 

16 Define isotonie, hypertonie, and hypotonie solutions. Which type of 
solution causes eells to swell or shrink? 


Mediated Transport 

Most non-lipid-soluble molecules and ions do not readily pass 
through the phospholipid bilayer (see figure 3.3). Transport proteins 
move these substances aeross the plasma membrane. Mediated 
transport is the proeess by which transport proteins mediate, or 
assist in, the movement of ions and molecules aeross the plasma 
membrane. Mediated transport has three eharaeteristies: speeifieity, 
eompetition, and saturation. Speeifieity means that eaeh transport 
protein moves particular molecules or ions, but not others. For 
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3% salt solution 

Seleetively 

permeable 

membrane 




Distilled 

water 



Salt solution 
rising 



*Because the tube eontains salt ions 
(pink spheres are Na + and green 
spheres are Cl _ ) as well as water 
molecules ( blue spheres), the tube 
has proportionately less water than 
is in the beaker, which eontains only 
water. The water molecules diffuse 
down their eoneentration gradient into 
the tube (blue arrows). Because the 
salt ions eannot leave the tube, the total 
fluid volume inside the tube inereases, 
and fluid moves up the glass tube 
(blaek arrow) as a result of osmosis. 



Weight 
of water 
column 


y 

The solution 
stops rising when 
the weight of the 
water column 
prevents further 
movement of 
water into the 
tube by osmosis. 

A 


Osmosis 


1. The end of a tube 
eontaining a 3% salt 
solution (green) is elosed 
at one end with a 
seleetively permeable 
membrane, which allows 
water molecules to pass 
through it but retains the 
salt ions within the tube. 


2. The tube is immersed in 
distilled water. Water moves 
into the tube by osmosis 
(see inset above*).The 
eoneentration of salt in the 
tube deereases as water 
rises in the tube (lighter 
green). 


3. Water moves by osmosis 
into the tube until the weight 
of the column of water in the 
tube (hydrostatie pressure) 
prevents further movement 
of water into the tube. The 
hydrostatie pressure that 
prevents net movement of 
water into the tube is equal 
to the osmotie pressure of 
the solution in the tube. 


Proeess Figure 3.5 osmosis ELRJ 


example, the transport protein that moves glucose does not move 
amino aeids or ions. Competition occurs when similar molecules or 
ions ean be moved by the transport protein. Although transport pro- 
teins exhibit speeifieity, a transport protein may transport very similar 
substances. The substance in the greater eoneentration or the substance 
for which the transport protein is the most speeifie is moved aeross the 
plasma membrane at the greater rate. Saturation means that the rate 
of movement of molecules or ions aeross the membrane is limited by 
the number of available transport proteins. As the eoneentration of a 


transported substance inereases, more transport proteins beeome 
involved with transporting the substance, and the rate at which the 
substance is moved aeross the plasma membrane inereases. Onee the 
eoneentration of the substance is inereased so that all the transport 
proteins are in use, the rate of movement remains eonstant, even 
though the eoneentration of the substance inereases fiirther. 

Three types of transport proteins—ehannel proteins, earrier 
proteins (transporters), and ATP-powered pumps—are involved in 
mediated transport. 
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Table 3.2 


eomparison of Membrane Transport Meehanisms 


Transport 

Meehanism 

Deseription 

Substances Transported 

Example 

Diffusion 

Random movement of molecules 

Lipid-soluble molecules dissolve 

Oxygen, earbon dioxide, and lipids, 


results in net movement from 

in the lipid bilayer and diffuse 

such as steroid hormones, 


areas of higher to lower 
eoneentration. 

through it; ions and small 
molecules diffuse through 
membrane ehannels. 

dissolve in the lipid bilayer. 

Osmosis 

Water moves aeross a seleetively 

Water moves through the 

Water moves from the 


permeable membrane. 

lipid bilayer or water ehannels. 

intestines into the blood. 

Faeilitated 

Carrier proteins eombine with 

Some substances too large to pass 

Glucose moves by faeilitated 

diffusion 

substances and move them aeross 

through membrane ehannels and 

diffusion into muscle eells 


the plasma membrane; no ATP is 
used; substances are always moved 
from areas of higher to lower 
eoneentration. 

too polar to dissolve in the lipid 
bilayer are transported. 

and fat eells. 

Aetive 

ATP-powered pumps eombine with 

Substances too large to pass through 

lons, such as Na + , K + , and 

transport 

substances and move them aeross 
the plasma membrane; ATP is required; 
substances ean be moved from areas 
of lower to higher eoneentration. 

ehannels and too polar to dissolve 
in the lipid bilayer are transported; 
substances that are accumulated in 
eoneentrations higher on one side 
of the membrane than on the other 
aretransported. 

Ca 2+ , are aetively transported. 

Seeondary 

lons are moved aeross the plasma 

Some sugars, amino aeids, 

There is a eoneentration gradient 

aetive 

membrane by aetive transport 

and ions are transported. 

for Na + into intestinal epithelial 

transport 

(ATP-powered pumps), which establishes 
an ion eoneentration gradient; ATP is 
required; ions then diffuse baek down 
their eoneentration gradient assisted by 
earrier proteins, and another ion 
or molecule moves with the diffusion 
ion (symport) or in the opposite 
direetion (antiport). 


eells.This gradient provides 
the energy for the symport 
of glucose. In many eells, H + are 
moved in the opposite 
direetion of Na + (antiport). 

Endoeytosis 

The plasma membrane forms a 

Phagoeytosis takes in eells 

Immune system eells ealled 


vesiele around the substances 

and solid partieles; pinoeytosis 

phagoeytes ingest baeteria 


to be transported, and the 

takes in molecules dissolved 

and cellular debris; most 


vesiele is taken into the eell; 

ATP is required; in reeeptor- 
mediated endoeytosis, speeifie 
substances are ingested. 

in liquid. 

eells take in substances 
through pinoeytosis. 

Exocytosis 

Materials manufactured by the 

Proteins and other water-soluble 

Digestive enzymes, hormones, 


eell are paekaged in seeretory 

molecules are transported 

neurotransmitters, and 

V- 

vesieles that fuse with the 
plasma membrane and release 
their eontents to the outside 
of the eell; ATP is required. 

out of eells. 

glandular seeretions are 
transported, and eell waste 
products are eliminated. 

. .. J 


ehannel Proteins 

Channel proteins form membrane ehannels (see figure 3.2). Ion 
ehannels are membrane ehannels that transport ions. Ion ehannels 
are often thought of as simple tubes through which ions pass. Many 
ion ehannels, however, are more complex than onee thought. It now 
appears that ions briefly bind to speeifie sites inside ehannels and that 
there is a ehange in the shape of those ehannels as ions are transported 
through them. The size and eharge within a ehannel determine the 
ehannel's speeifieity. For example, Na + ehannels do not transport K + 
and viee versa. In addition, similar ions moving into and binding 
within an ion ehannel are in eompetition with eaeh other. Furthermore, 
the number of ions moving into an ion ehannel ean exceed the eapae- 


ity of the ehannel, thus saturating the ehannel. Therefore, ion ehan- 
nels exhibit speeifieity, eompetition, and saturation. 

earrier Proteins 

Carrier proteins, or transporters, are membrane proteins that 
move ions or molecules from one side of the plasma membrane to 
the other. The earrier proteins have speeifie binding sites to which 
ions or molecules attaeh on one side of the plasma membrane. The 
earrier proteins ehange shape to move the bound ions or molecules 
to the other side of the plasma membrane, where they are released 
(figure 3.7). The earrier protein then resumes its original shape and 
is available to transport more molecules. 
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Hypotonie solution Isotonie solution Hypertonie solution 


(a) VVhen a red blood eell is 
plaeed in a hypotonie 
solution (one having a low 
solute eoneentration), 
water enters the eell by 
osmosis (blaek arrows), 
causing the eell to swell or 
even burst (lys e; puffof red 
in lower part of eell ). 


(b) VVhen a red blood eell is plaeed 
in an isotonie solution (one 
having a eoneentration of 
solutes equal to that inside the 
eell), water moves into and out 
of the eell at the same rate 
(blaek arrows). No net water 
movement occurs, and the eell 
shape remains normal. 


(e) VVhen a red blood eell is 
plaeed in a hypertonie 
solution (one having a high 
solute eoneentration), water 
moves by osmosis out of the 
eell and into the solution 
(blaek arrows), resulting in 
eell shrinkage. 


Figlire 3.6 Effeets of Hypotonie, isotonie, and Hypertonie Solutions on Red Blood eells ap r 


FYtranplliilar flnirl 



Transported molecule (glucose) 


Concentration 

gradient 


Movement of ions or molecules by earrierproteins ean be elassified 
as uniport, symport, or antiport. Uniport is the movement of one spe- 
eifie ion or molecule aeross the membrane. Symport is the movement 
of two or more diíferent ions or molecules in the same direetion aeross 
the plasma membrane, whereas antiport is the movement of two or 
more different ions or molecules in opposite direetions aeross the 
plasma membrane. Carrier proteins involved in these types of move- 
ment are ealled uniporters, symporters, and antiporters, respeetively. 

Movement of ions or molecules by a uniporter is often ealled 
faeilitated diffusion (see figure 3.7). The uniporter faeilitates, or 
helps in, the movement of the ion or molecule, and, as in diffu- 
sion, movement is from areas of higher to lower eoneentration. 


1. The earrier protein (uniporter) binds with a molecule, 
such as glucose, on the outside of the plasma 
membrane. 



2. The earrier protein ehanges shape and 
releases the molecule on the inside of the 
plasma membrane. 

Proeess Figiire 3.7 earrier Proteln 


Prediet 



The transport of glucose into most eells occurs by faeilitated diffusion. Because 
diffusion occurs from a higher to a lower eoneentration, glucose eannot 
accumulate within these eells at a higher eoneentration than is found outside 
the eell. Onee glucose enters eells, it is rapidly eonverted to other molecules, 
such as glucose phosphate or glyeogen. What effeet does this eonversion have 
on the ability of eells to transport glucose? 


ATP-Powered Pumps 

ATP-powered pumps are transport proteins that use energy derived 
from the breakdown of adenosine triphosphate (ATP) (see ehapter 2) 
to move speeifie ions and molecules from one side of the plasma 
membrane to the other. The movement of ions and molecules by 
ATP-powered pumps is ealled aetive transport. Aetive transport is 
important because it ean move substances against their eoneentration 
gradients—that is, from lower eoneentrations to higher eoneentra- 
tions. Consequently, aetive transport ean accumulate substances on 
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one side of the plasma membrane at eoneentrations many times 
greater than those on the other side. Aetive transport ean also move 
substances from higher to lower eoneentrations. 

ATP-powered pumps have binding sites, to which a speeifie ion 
or molecule ean bind, as well as a binding site for ATP. The break- 
down of ATP to adenosine diphosphate (ADP) provides energy that 
ehanges the shape of the protein, which moves the ion or molecule 
aeross the membrane. In some eases, the aetive transport meehanism 
ean exchange one substance for another. For example, the sodium— 


1. Three sodiiim ions (Na + ) and adenosine 
triphosphate (ATP) bind to the Na + -K + pump, 
which is an ATP-powered pump. 


2. The ATP breaks down to adenosine diphosphate 
(ADP) and a phosphate (Pj) and releases energy. 
That energy is used to power a shape ehange in the 
Na + -K + pump. Phosphate remains bound to the 
Na + -K+-ATP binding site. 

3. The Na + -K + pump ehanges shape, and the Na + are 
transported aeross the membrane. 


4. The Na + diffuse away from the Na + -K + pump. 


5. Two potassium ions (K + ) bind to the Na + -K + pump. 


6. The phosphate is released from the Na + -K + pump 
binding site. 


7. The Na + -K + pump resumes its original shape, 
transporting K + aeross the membrane, and the K + 
diffuse away from the pump. The Na + -K + pump ean 
again bind to Na + and ATP. 


potassium (Na + —K + ) pump moves Na + out of eells and K + into 
eells (figure 3.8). Aetive transport requires energy in the form of ATP 
and, if ATP is not available, aetive transport stops. 

In seeondary aetive transport, the eoneentration gradient estab- 
lished by the aetive transport of one substance provides the energy to 
move a seeond substance (figure 3.9). For example, Na + are aetively 
pumped out of a eell, establishing a higher eoneentration of Na + out- 
side the eell than inside. The movement of Na + down its eoneentration 
gradient baek into the eell provides the energy neeessary to move glucose 


Extracellular fluid 



ATP binding site 
on Na + -K + pump 



Na + -K + pump resumes 
original shape. 



Proeess Figure 3.8 Aetive Transport: sodium-Potassium Pump Al ’ R 
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Extracellular fluid 


Na 
pump 


Cytoplasm 



Oarrier 

protein 


Glucose 



Glucose 


1. A Na + -K + pump (ATP-powered pump) maintains a eoneentration 
of Na + that is higher outside the eell than inside. 

2. Sodium ions move baek into the eell through a earrier protein (symporter) 
that also moves glucose. The eoneentration gradient for Na + provides 
energy required to move glucose against its eoneentration gradient. 

Proeess Figure 3.9 Seeondary Aetive Transport 

(Symport) of Na + and Glucose 


into the eell against its eoneentration gradient. In this example, a sym- 
porter moves Na + and glucose into the eell together. Seeondary aetive 
transport ean also involve antiporters—for example, the movement of 
Na + into a eell coupled with the movement of H + out of the eell. 

17 What is mediated transport? Deseribe speeifieity, eompetition, and 
saturation as eharaeteristies of mediated transport. 

18 Name the types of transport proteins involved in mediated transport. 

19 Define uniport (faeilitated diffusion), symport, and antiport. 

20 What is aetive transport? Deseribe the operation of the (Na + -K + ) pump. 

21 What is seeondary aetive transport? 


Prediet 



ln eardiae (heart) muscle eells, the foree of eontraetion inereases as the intraeel- 
lular Ca 2+ eoneentration inereases. Intracellular Ca 2+ eoneentration is regu- 
lated in part by seeondary aetive transport involving a Na + -Ca 2+ antiporter. 
The movement of Na + down their eoneentration gradient into the eell provides 
the energy to transport Ca 2+ out of the eell against their eoneentration gradi- 
ent. Digitalis, a drug often used to treat eongestive heart failure, slows the 
aetive transport of Na + out of the eell by the Na + -K + pump, thereby inereasing 
intracellular Na + eoneentration. Should the heart beat more or less forcefully 
when exposed to this drug? Explain. 


Vesicular Transport 

A vesiele (ves'i-kl, a bladder) is a membrane-bound sae that sur- 
rounds substances within the eytoplasm of eells. Vesicular transport 
is the movement of materials by vesieles into, out of, or within eells. 
Vesicular transport into eells is ealled endoeytosis (en'dò-si-tò'sis, 
endon , within + kytos, eell + osis, eondition) and includes phagoey- 
tosis and pinoeytosis. Both phagoeytosis and pinoeytosis require 
energy in the form of ATP and, therefore, are aetive proeesses. 


Phagoeytosis (fàg-ò-sì-tò'sis) literally means eell-eating and 
applies to endoeytosis when solid partieles, such as baeteria, eell 
debris, or foreign substances, are ingested. Phagoeytosis is important 
in the elimination of harmful substances from the body by speeial- 
ized eells ealled maerophages. In phagoeytosis, a part of the plasma 
membrane extends around a partiele and fuses so that the partiele is 
surrounded by the membrane. That part of the membrane then 
pinehes off to form a phagoeytie vesiele eontaining the partiele, 
which is inside the eell (figure 3.10). 

Pinoeytosis (pin'ò-sl-tò'sis) means eell-drinking and is the uptake 
of small droplets of extracellular fluid, and the materials eontained in 
the fluid, by the formation of small endoeytie vesieles. Pinoeytosis often 
forms vesieles near the tips of deep invaginations of the plasma mem- 
brane. It is a eommon transport phenomenon in a variety of eell types 
and occurs in eertain eells of the kidneys, epithelial eells of the intes- 
tines, eells of the liver, and eells that line eapillaries. 

Phagoeytosis and pinoeytosis ean exhibit speeifieity. Cells that 
phagoeytize baeteria do not phagoeytize healthy eells, and speeifie 





Partiele 

Cell 

proeesses 




Phagoeytie 

vesiele 






Old red blood 
eells 

Phagoeytie 
eell (white 
blood eell) 


Figure 3.10 Phagoeytosis 

( a ) In phagoeytosis, a solid partiele is surrounded and taken into a phagoeytie 
vesiele. (b) Seanning eleetron mierograph of phagoeytosis of red blood eells. 
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molecules are taken in by pinoeytosis. In reeeptor-mediated endo- 
eytosis, the plasma membrane eontains reeeptors (reeeptor proteins) 
that bind to speeifie molecules. When a speeifie molecule binds to its 
reeeptor, endoeytosis is triggered, and the molecule and reeeptor are 
transported into the eell (figure 3.11). This meehanism inereases the 
rate at which speeifie substances, such as eholesterol and insulin, are 
taken up by the eells. 






Hypereholesterolemia 


Hypereholesterolemia is a eommon genetie disorder affeeting 1 in 
every 500 adults in the llnited States. It eonsists of a reduction in or 
absenee of low-density lipoprotein (LDL) reeeptors on eell surfaces.This 
interferes with reeeptor-mediated endoeytosis of LDL eholesterol. As a 
result of inadequate eholesterol uptake, eholesterol synthesis within 
these eells is not regulated, and too much eholesterol is produced.The 
excess eholesterol accumulates in blood vessels, resulting in athero- 
selerosis. Atheroselerosis ean result in heart attaeks or strokes. 


Exocytosis (ek'sò-sl-tò'sis, exo, outside) is the movement of 
materials out of eells by vesieles (figure 3.12 and see table 3.2). 
Seeretory vesieles accumulate materials for release from eells. The 
seeretory vesieles move to the plasma membrane, where the vesiele 



1. Reeeptors in the plasma 
membrane bind to 
molecules to be taken 
into the eell. 


Molecules to 

be transported Reeeptors 



membrane 


0 


0 


2. The reeeptors and the 
bound molecules are 
taken into the eell as a 
vesiele begins to form. 


V' ^ v' 





Vesiele 

forming 


3. The vesiele fuses 
and separates from 
the plasma membrane. 



Proeess Figure 3.11 Reeeptor-Mediated Endoeytosis 





1. A seeretory vesiele 
moves toward the 
plasma membrane. 


i 



Plasma membrane 


Seeretory 

vesiele 


Oontents 


2. The membrane 
of the seeretory 
vesiele fuses with 
the plasma 
membrane. 



Membranes 

fuse. 



3. The seeretory 
vesiele’s eontents 
are released into 
the extracellular 
fluid. 




Oontents 

released 


Proeess Figure 3.12 Exocytosis 

(a) Diagram of exocytosis. (ò)Transmission eleetron 
mierograph of exocytosis. 
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membrane fuses with the plasma membrane, and the material in the 
vesiele is eliminated from the eell. Examples of exocytosis are the 
seeretion of digestive enzymes by the panereas, of mucus by the sali- 
vary glands, and of milk from the mammary glands. 

22 Define vesiele, vesiculartransport, and endoeytosis. How do 
phagoeytosis and pinoeytosis differ from eaeh other? 

23 What is reeeptor-mediated endoeytosis? 

24 Deseribe and give examples of exocytosis. 

3.4 eytoplasm 

Cytoplasm is the cellular material outside the nucleus but inside the 
plasma membrane. It is about half eytosol and half organelles. 

eytosol 

Cytosol (sl'tò-sol) eonsists of a fluid portion, a eytoskeleton, and 
eytoplasmie inclusions. The fluid portion of eytosol is a sohition and 
a eolloid. The solution part eontains dissolved ions and molecules. A 
eolloid (kol'oyd) is a mixture in which large molecules or aggregates 
of atoms, ions, or molecules do not dissolve in a liquid but remain 
suspended in the liquid. Proteins, which are large molecules, and 


water form eolloids. Many of the proteins in eytosol are enzymes that 
eatalyze the breakdown of molecules for energy or the synthesis of 
sugars, fatty aeids, nucleotides, amino aeids, and other molecules. 

eytoskeleton 

The eytoskeleton (sí-tò-skel e-ton) eonsists of proteins that support 
the eell, hold organelles in plaee, and enable the eell to ehange shape. 
The eytoskeleton eonsists of microtubules, aetin filaments, and inter- 
mediate filaments (figure 3.13). Microtubules are hollow structures 
formed from protein subunits. They perform a variety of roles, such 
as helping provide support to the eytoplasm of eells, assisting in the 
proeess of eell division, and forming essential eomponents of eertain 
organelles, such as eentrioles, spindle fibers, eilia, and flagella. 

Aetin filaments, or mierofilaments, are small fibrils formed 
from protein subunits that form bundles, sheets, or networks in the 
eytoplasm of eells. Aetin filaments support the plasma membrane 
and define the shape of the eell. Changes in eell shape involve the 
breakdown and reeonstmetion of aetin filaments. These ehanges in 
shape allow some eells to move about. Muscle eells eontain a large 
number of highly organized aetin filaments, which are responsible 
for the muscle's ability to eontraet (see ehapter 8). 

Intermediate filaments are fibrils formed from protein sub- 
units that are smaller in diameter than microtubules but larger in 
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Mitoehondrion 


Microtubules are eomposed 
of tubulin protein subunits. 
Microtubules are 25 nm in 
diameter with walls 5 nm thiek. 


Nucleus 
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Aetin filaments (mierofilaments) are 
eomposed of aetin subunits and are 
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Figure 3.13 eytoskeleton 

(a) Diagram of the eytoskeleton. (ò) Seanning eleetron 
mierograph of the eytoskeleton. 
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diameter than mierofilaments. They provide meehanieal support to 
the eell. For example, intermediate filaments support the extensions 
of nerve eells, which have a very small diameter but ean be a meter 
in length. 

eytoplasmie ineliisions 

The eytosol also eontains eytoplasmie inclusions, which are aggre- 
gates of ehemieals either produced by the eell or taken in by the eell. 
For example, lipid droplets or glyeogen granules store energy-rieh 
molecules, and melanin and earotene are pigments that eolor the skin. 

25 Define eytopiasm and eytosol. 

26 What are the functions ofthe eytoskeleton? 

27 Deseribe and list the functions of microtubules, aetin filaments, and 
intermediate filaments. 

28 Define and give examples of eytoplasmie inclusions. 

3.5 The Nucleus and 

eytoplasme Organelles 

Organelles are structures within eells that are speeialized for particu- 
lar fimetions, such as manufacturing proteins or producing ATP. 
Organelles ean be thought of as individual workstations within the 
eell, eaeh responsible for performing speeifie tasks. The nucleus is the 


largest organelle of the eell. The remaining organelles are referred to 
as eytoplasmie organelles (see table 3.1). 

Nucleus 

The nucleus (noo'klé-us, a little nut, stone of fruit) is a large organ- 
elle, usually loeated near the eenter of the eell (see figure 3.1). All 
eells of the body have a nucleus at some point in their life eyele, 
although some eells, such as red blood eells, lose their nuclei as they 
mature. Other eells, such as osteoelasts (a type of bone eell) and 
skeletal muscle eells, eontain more than one nucleus. 

The mielear envelope separates the nucleus from the eytoplasm. 
It eonsists of two membranes separated by a spaee (figure 3.14). At 
many points on the surface of the nucleus, the inner and outer mem- 
branes eome together to form nuclear pores, through which materials 
ean pass into or out of the nucleus. Nucleoplasm is a fluid or gellike 
substance in which nuclear structures such as ehromatin and the 
nucleolus are suspended. 

Deoxyribonucleic aeid (DNA) is mostly found within the 
nucleus, although small amounts of DNA are also found within mito- 
ehondria. The genes that influence the structural and fimetional fea- 
tures of every individual are portions of DNA molecules. These seetions 
ofDNA molecules determine the structure of proteins. By determining 
the structure of proteins, genes direet eell structure and fimetion. 

Nuclear DNA and assoeiated proteins are organized into 
diserete structures ealled ehromosomes (krò'mò-sòmz, eolored 
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Figure 3.14 Nucleus 6HRJ 

{a) The nuclear envelope eonsists of inner and outer membranes that beeome fused at the 
nuclear pores.The nucleolus is a eondensed region of the nucleus not bound by a membrane 
and eonsisting mostly of RNA and protein. (ò)Transmission eleetron mierograph of the 
nucleus. (e) Seanning eleetron mierograph showing the inner surface of the nuclear envelope 
and the nuclear pores. 
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bodies). Tbe proteins include histones (his'tònz), which are impor- 
tant for the structural organization of DNA, and other proteins 
that regulate DNA function. Except when eells are dividing, the 
ehromosomes are dispersed throughout the nucleus as delieate fila- 
ments referred to as ehromatin (krò'ma-tin, eolored material) (see 
figures 3.l4b and 3.13). During eell division, the dispersed ehro- 
matin beeomes densely eoiled, forming eompaet ehromosomes. 
Eaeh ehromosome eonsists of two ehromatids (krò'ma-tids), which 
are attaehed at the eentromere (sen'trò-mér). The kinetoehore 
(ki-né'tò-kòr, ki-net'ò-kòr), a protein structure within the eentro- 
mere, provides a point of attaehment for microtubules during eell 
division (see “Centrioles and Spindle Fibers,” p. 64). 

29 Define organelles. 

30 Deseribe the structure of the nucleus and nuclear envelope. What is 
the function of the nuclear pores? 

31 What molecules are found in ehromatin? When does ehromatin 
beeome a ehromosome? 



Figure 3.15 ehromosome Structure 

DNA is assoeiated with globular histone proteins and other DNA-binding 
proteins. DNA molecules and bound proteins are ealled ehromatin. During eell 
division, the ehromatin eondenses so that individual structures, ealled 
ehromosomes, beeome visible. 


Nucleoli and R bosomes 

Nucleoli (noo-klé'ò-lì, sing. nucleolus, little nucleus) number from 
one to four per nucleus. They are rounded, dense, well-defined 
nuclear bodies with no surrounding membrane (see figure 3.14). The 
nucleolus produces ribosomal ribonucleic (rTbò-noo-klé'ik) aeid 
(rRNA), which eombines with proteins produced in the eytoplasm to 
form large and small ribosomal subunits (figure 3.16). The proteins 
from the eytoplasm enter the nucleus through nuclear pores, and the 
ribosomal subunits move from the nucleus through the nuclear pores 
into the eytoplasm, where one large and one small subunit join to 
form a ribosome. 

Ribosomes (rl'bò-sòmz) are the organelles where proteins are 
produced (see “Protein Synthesis,” p. 66). Free ribosomes are not 
attaehed to any other organelles in the eytoplasm, whereas other 
ribosomes are attaehed to a network of membranes ealled the endo- 
plasmie reticulum. Free ribosomes primarily synthesize proteins used 
inside the eell, whereas ribosomes attaehed to the endoplasmie 
reticulum usually produce proteins that are seereted from the eell. 

32 What is a nucleolus? 

33 What kinds of molecules eombine to form ribosomes? Where are 
ribosomal subunits formed and assembled? 

34 Compare the functions of free ribosomes and ribosomes attaehed to 
the endoplasmie reticulum. 

Rough and Smooth Endoplasmie 

Reticulum 

The endoplasmie reticulum (en'dò-plas'mik re-tik'u-lum, rete, a 
network) (ER) is a series of membranes forming saes and tubules 
that extends from the outer nuclear membrane into the eytoplasm 
(figure 3.17). The interior spaees of those saes and tubules are ealled 
eisternae (sis-ter'né) and are isolated from the rest of the eytoplasm. 

Rough ER is ER with ribosomes attaehed to it. A large 
amount of rough ER in a eell indieates that it is synthesizing large 
amounts of protein for export from the eell. On the other hand, ER 
without ribosomes is ealled smooth ER. Smooth ER is a site for 
lipid and earbohydrate synthesis, and it partieipates in the detoxi- 
fieation of ehemieals within eells. In skeletal muscle eells, the 
smooth ER stores Ca 2+ . 

35 How is the endoplasmie reticulum related to the nuclear envelope? 

How are the eisternae of the endoplasmie reticulum related to the 
rest of the eytoplasm? 

36 What are the functions of rough and smooth endoplasmie reticulum? 

Golgi Apparatus 

The Golgi (gol'jé) apparatus (named for Camillo Golgi [1843—1926], 
an Italian histologist) eonsists of elosely paeked staeks of curved, 
membrane-bound saes (figure 3.18). It eolleets, modifies, paek- 
ages, and distributes proteins and lipids. Proteins produced at the 
ribosomes of the rough endoplasmie reticulum enter a eisterna of 
the endoplasmie reticulum. The ER then pinehes off to form a 
small sae ealled a transport vesiele. The transport vesiele moves 
to the Golgi apparatus, fuses with its membrane, and releases 
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1. Ribosomal proteins, produced in the 
eytoplasm, are transported through 
nuclear pores into the nucleolus. 


2. rRNA, most of which is produced in the 
nucleolus, is assembled with ribosomal 
proteins to form small and large ribosomal 
subunits. 

3. The small and large ribosomal subunits 
leave the nucleolus and the nucleus 
through nuclear pores. 


4. The small and large subunits, now in the 
eytoplasm, eombine with eaeh other and 
with mRNAduring protein synthesis. 
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Proeess Figure 3.16 Production of Ribosomes 
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Figure 3.17 Endoplasmie Reticulum 

{a) The endoplasmie reticulum is continuous with the nuclear envelope and occurs either as rough endoplasmie reticulum (with ribosomes) or as smooth endoplasmie 
reticulum (without ribosomes). (ò)Transmission eleetron mierograph of the rough endoplasmie reticulum. 
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(c/)The Golgi apparatus is eomposed of flattened, membranous saes eontaining eisternae, and resembles a staekof dinner plates or paneakes. (b)Transmission eleetron 
mierograph of the Golgi apparatus. 


the protein into its eisterna. The Golgi apparatus eoneentrates 
and, in some eases, ehemieally modifies the proteins by synthesiz- 
ing and attaehing earbohydrate molecules to the proteins to form 
glyeoproteins or by attaehing lipids to proteins to form lipopro- 
teins. The proteins are then paekaged into vesieles that pineh off 
from the margins of the Golgi apparatus and are distributed to 
various loeations. Some vesieles eontain enzymes that are used 
within the eell; some vesieles earry proteins to the plasma mem- 
brane, where the proteins are seereted from the eell by exocytosis; 
other vesieles eontain proteins and lipids that beeome part of the 
plasma membrane. 

The Golgi apparatus is present in larger numbers and is most 
highly developed in eells that seerete protein, such as the eells of the 
salivary glands or the panereas. 

37 Deseribe the structure and function of the Golgi apparatus. 

38 Deseribe the production of a protein at the endoplasmie reticulum 
and its distribution to the Golgi apparatus. Name three ways in which 
proteins are distributed from the Golgi apparatus. 

Seeretory Vesieles 

Seeretory vesieles are small, membrane-bound saes that transport 
material produced in eells to the exterior of eells. Seeretory vesieles 
pineh off from the Golgi apparatus and move to the surface of the 
eell (figure 3.19). Their membranes then fuse with the plasma mem- 
brane, and the eontents of the vesieles are released to the exterior of 
the eell. In many eells, seeretory vesieles accumulate in the eytoplasm 
and are released to the exterior when the eell reeeives a signal. For 
example, nerve eells release substances ealled neurotransmitters from 
seeretory vesieles to communicate with other eells. 

39 Deseribe the formation of seeretory vesieles and how their eontents 
are released from eells. 


Lysosomes and Peroxisomes 

Lysosomes (ll'sò-sòmz, lysis, a loosening + soma, body) (figure 3.20) 
are membrane-bound vesieles formed from the Golgi apparatus. They 
eontain a variety of enzymes that fimetion as intracellular digestive sys- 
tems. Vesieles formed by endoeytosis may fuse with lysosomes. The 
enzymes within the lysosomes break down the materials in the endoeytie 
vesiele. For example, white blood eells phagoeytize baeteria. Enzymes 
within lysosomes destroy the baeteria. Also, when tissues are damaged, 
ruptured lysosomes within the damaged eells release their enzymes and 
digest both healthy and damaged eells. The released enzymes are respon- 
sible for part of the resulting inflammation (see ehapter 4). 

Peroxisomes (per-ok'si-sòmz) are small, membrane-bound 
vesieles eontaining enzymes that break down fatty aeids, amino aeids, 
and hydrogen peroxide (H 2 O 2 ). Hydrogen peroxide is a by-product 
of fatty aeid and amino aeid breakdown and ean be toxic to the eell. 
The enzymes in peroxisomes break down hydrogen peroxide to water 
and oxygen. Cells aetive in detoxification, such as liver and kidney 
eells, have many peroxisomes. 

40 Deseribe the proeess by which lysosomal enzymes digest 
phagoeytized materials. 

41 What is the function of peroxisomes? 

Proteasomes 

Proteasomes (prò'té-à-sòmz) are tunnel-like structures, similar to 
ehannel protein, and are not bounded by membranes. They eonsist of 
large protein complexes that break down and reeyele proteins within 
the eell. The inner surfaces of the tunnel have enzymatie regions that 
break down proteins. Smaller protein subunits elose the ends of the 
tunnel and regulate which proteins are taken into it for digestion. 

42 What is the function of proteasomes? 
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1. Some proteins are produced at ribosomes on the surface 
of the rough endoplasmie reticulum and are transferred 
into the eisterna as they are produced. 

2. The proteins are surrounded by a vesiele that forms from 
the membrane of the endoplasmie reticulum. 

3. This transport vesiele moves from the endoplasmie 
reticulum to the Golgi apparatus, fuses with its 
membrane, and releases the proteins into its eisterna. 


4. The Golgi apparatus eoneentrates and, in some eases, 
modifies the proteins into glyeoproteins or lipoproteins. 

5. The proteins are paekaged into vesieles that form from 
the membrane of the Golgi apparatus. 

6. Some vesieles, such as lysosomes, eontain enzymes 
that are used within the eell. 

7. Seeretory vesieles earry proteins to the plasma 
membrane, where the proteins are seereted from the eell 
by exocytosis. 

8. Some vesieles eontain proteins that beeome part of the 
plasma membrane. 
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Proeess Figure 3.19 Function of the Golgi Apparatus 


1. A vesiele forms around material 
outside the eell. 


2. The vesiele is pinehed off from 
the plasma membrane and 
beeomes a separate vesiele 
inside the eell. 


3. A lysosome is pinehed off the 
Golgi apparatus. 


4. The lysosome fuses with the vesiele. 


5. The enzymes from the lysosome mix with 
the material in the vesiele, and the 
enzymes digest the material. 


Plasma membrane 


apparatus 


Vesiele taken 
into the eell 



Fusion of vesiele 
with lysosome 


Proeess Figure 3.20 Aetion of Lysosomes 
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Mitoehondria 

Mitoehondria (mrtò-kon'dré-à, sing. mitoehondrion, mitos, 
thread + ehondros , granule) are bean-shaped, rod-shaped, or thread- 
like organelles with inner and outer membranes separated by a spaee 
(figure 3.21). The outer membranes have a smooth contour, but the 
inner membranes have numerous folds ealled eristae (kris'té), 
which projeet like shelves into the interior of the mitoehondria. The 
matrix is the substance loeated within the spaee formed by the inner 
membrane. 

Mitoehondria are the major sites of adenosine triphosphate 
(ATP) production within eells. Enzymes loeated in the eristae 
and the matrix are responsible for the production of ATP (see 
ehapter 22). The major energy source for most ehemieal reae- 
tions within eells is ATP, and eells with a large energy require- 
ment have more mitoehondria than eells that require less energy. 
Cells that earry out extensive aetive transport, which requires 
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Figure 3.21 Mitoehondrion 

(a) Typieal mitoehondrion structure. (ò)Transmission eleetron mierograph of 
mitoehondria in longitudinal and eross seetion. 


ATP, eontain many mitoehondria. When muscles enlarge as a 
result of exercise, the mitoehondria inerease in number within 
the muscle eells and provide the additional ATP required for 
muscle eontraetion. inereases in the number of mitoehondria result 
from the division of preexisting mitoehondria. The information 
for making some mitoehondrial proteins and for mitoehondrial 
division is eontained in a unique type of DNA within the mito- 
ehondria. This DNA is more like baeterial DNA than that of the 
eell's nucleus. 

43 Deseribe the structure of mitoehondria. 

44 What is the function of mitoehondria? Where are enzymes loeated 
within mitoehondria? 


eentrioles and Spindle Fibers 

The eentrosome (sen'trò-sòm) is a speeialized zone of eytoplasm 
elose to the nucleus that is the eenter of microtubule formation. It 
eontains two eentrioles (sen'tré-òlz), normally oriented perpendicu- 
lar to eaeh other (see figure 3.1). Eaeh eentriole is a small, eylindrieal 
organelle eomposed of nine triplets, eaeh eonsisting of three parallel 
microtubules joined together (figure 3.22). 
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Figure 3.22 eentriole 

(a) Structure of a eentriole, which is eomposed of ninetriplets of microtubules. 
Eaeh triplet eontains one eomplete microtubule fused to two ineomplete 
microtubules. (b) Transmission eleetron mierograph of a pair of eentrioles, 
which are normally loeated together near the nucleus. One is shown in eross 
seetion and one in longitudinal seetion. 
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Relationships Between eell Structure and eell Function 



Eaeh eell type is well adapted for 
the functions it performs, and the abun- 
danee of organelles in eaeh eell refìeets the 
function of the eell. For example, epithelial 
eells lining the larger-diameter respiratory 
passages seerete mucus and transport it 
toward the throat, where it is either swal- 
lowed or expelled from the body by cough- 
ing. Partieles of dust and other debris 
suspended in the air beeome trapped in the 
mucus. The production and transport of 
mucus from the respiratory passages keep 
these passages elean. Cells of the respira- 
tory system have abundant rough ER, Golgi 
apparatuses, seeretory vesieles, and eilia. 
The ribosomes on the rough ER are the sites 
where proteins, a major eomponent of 
mucus, are produced. The Golgi appara- 

V___ 


tuses paekage the proteins and other eom- 
ponents of mucus into seeretory vesieles, 
which move to the surface of the epithelial 
eells. The eontents of the seeretory vesieles 
are released onto the surface of the epithe- 
lial eells. Cilia on the eell surface then propel 
the mucus toward the throat. 

Metaplasia (met-à-plà'zè-à) is the 
ehanging of one type of mature tissue into 
another. In people who smoke, prolonged 
exposure of the respiratory epithelium to 
the irritation of tobaeeo smoke causes the 
respiratory epithelial eells to ehange in 
structure and function.The eells flatten and 
form several layers of epithelial eells. These 
flattened epithelial eells no longer eontain 
abundant rough ER, Golgi apparatuses, 
seeretory vesieles, or eilia.The altered respi- 


ratory epithelium is adapted to proteet the 
underlying eells from irritation, but it ean 
no longer seerete mucus, nor does it have 
eilia to move the mucus toward the throat 
to elean the respiratory passages. Extensive 
replaeement of normal epithelial eells in 
respiratory passages is assoeiated with 
ehronie inflammation of the respiratory 
passages (bronehitis), which is eommon in 
people who smoke heavily. Coughing is a 
eommon manifestation of inflammation 
and mucus accumulation in the respiratory 
passages. 



ANATOMY & PHYSIOLOGY 



Before eell division, the two eentrioles double in number, the 
eentrosome divides into two, and one eentrosome, eontaining two 
eentrioles, moves to eaeh end of the eell. Microtubules ealled spindle 
fibers extend out in all direetions from the eentrosome. Evenmally, 
spindle fibers from eaeh eentrosome bind to the kinetoehore of all 
the ehromosomes. During eell division, the spindle fibers faeilitate 
the movement of ehromosomes toward the two eentrosomes (see 
“Cell Division,” p. 68). 

45 What is the function of eentrosomes? 

46 What are spindle fibers? What is their function? 


eilia, Flagella, and Mierovilli 

Cilia (síl'é-à, sing. cilium, an eyelash) projeet from the surface of 
eells and vary in number from none to thousands per eell. They have 
a eylindrieal shape, eontain speeialized microtubules similar to the 
orientation in eentrioles, and are enelosed by the plasma membrane. 
Cilia ean move and push materials along the surface of eells. For 
example, eilia on surface eells lining the respiratory traet move 
mucus, in which dust partieles are embedded, upward and away from 
the lungs. This aetion helps keep the lungs elear of debris. 

Flagella (flà-jel'à, sing. flagellum, a whip) have a structure 
similar to that of eilia but are much longer, and they usually occur 
only one per eell. In humans, only sperm eells have flagella, which 
whip baek and forth to propel the sperm eells. 

Mierovilli (mì'krò-vil'i, mikros, small + villus, shaggy hair) 
are speeialized extensions of the plasma membrane that are much 
shorter than eilia. They are supported by mierofilaments (see fig- 
ure 3.1), but they do not aetively move. Mierovilli are numerous on 
eells that have them, and they inerease the surface area of those eells. 


They are abundant on the surface of eells that line the intestine, 
kidney, and other areas in which absorption or seeretion is an 
important function. Some mierovilli are highly modified to func- 
tion as sensory reeeptors. For example, mierovilli in hair eells of the 
inner ear respond to sound. 

47 Contrast the structure and function of eilia and flagella. 

48 Deseribe the structure and function of mierovilli. How are mierovilli 
different from eilia? 


Prediet 



List the organelles that are eommon in eells that (a) synthesize and seerete pro- 
teins, (b) aetively transport substances into eells, and (e) phagoeytize foreign 
substances. Explain the function of eaeh organelle you list. 


Whole-Cell Aetivity 

interaetions between organelles must be eonsidered to understand 
how a eell fimetions. For example, the transport of many food mol- 
ecules into the eell requires ATP and plasma membrane proteins. 
Most ATP is produced by mitoehondria. ATP is required to trans- 
port amino aeids aeross the plasma membrane. Amino aeids are 
assembled to synthesize proteins, including the transport proteins of 
the plasma membrane and mitoehondrial proteins. Information eon- 
tained in DNA within the nucleus determines which amino aeids are 
eombined at ribosomes to form proteins. The mutual interdepen- 
denee of cellular organelles is eoordinated to maintain homeostasis 
within the eell and the entire body. The following seetions, “Protein 
Synthesis” and a Cell Division,” illustrate the interaetions of organ- 
elles that result in a fimetioning eell. 
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3.6 Protein Synthesìs 

DNA eontains the information that direets protein synthesis. The 
proteins form structural eomponents of the eell; are enzymes, which 
regulate ehemieal reaetions in the eell; and are seereted from the eell. 
DNA influences the structural and flmetional eharaeteristies of the 
entire organism because it direets protein synthesis. 

A DNA molecule eonsists of nucleotides joined together to form 
two nucleotide strands (see figure 2.22). The two strands are eon- 
neeted by eomplementary base pairs and resemble a ladder that is 
twisted around its long axis. The sequence of nucleotides in a DNA 
molecule is a method of storing information that is based on a triplet 
eode. Three consecutive nucleotides, ealled triplets, form the words 
of the triplet eode. Just as the sequence of letters “seedogmn” ean be 
deeiphered to mean “see dog run,” a sequence of bases, such as 
“(2ATGAGTAG,” has meaning, which is used to eonstmet RNA 
molecules, and proteins. A molecular definition of a gene is all the 
triplets neeessary to make a fimetional RNA molecule or protein. 
Eaeh DNA molecule eontains many different genes. 

Reeall from ehapter 2 that proteins eonsist of amino aeids. The 
unique structural and fimetional eharaeteristies of different proteins 
are determined by the kinds, numbers, and arrangement of their 
amino aeids (see figure 2.19). The nucleotide sequence of a gene 
determines the amino aeid sequence of a speeifie protein. 

DNA direets the production of proteins in two steps—transeription 
and translation—which ean be illustrated with an analogy. Suppose a 
eook wants a eake reeipe that is found only in a referenee book in the 
library. Because the book eannot be eheeked out, the eook makes a 
eopy, or transeription, of the reeipe. Later, in the kitehen, the infor- 
mation eontained in the eopied reeipe is used to make the eake. The 
ehanging of something from one form to another (from reeipe to 
eake) is ealled translation. 

In this analogy, DNA is the referenee book that eontains many 
genes (reeipes) for making different proteins. DNA, however, is too 
large a molecule to pass through the nuclear pores to go to the ribo- 
somes where the proteins are prepared. Just as the referenee book stays 
in the library, DNA remains in the nucleus. Through transeription the 
eell makes a eopy of the gene (the reeipe) neeessary to make a particu- 
lar protein (the eake). The eopy, which is ealled messenger RNA 
(mRNA), travels from the nucleus to the ribosomes (the kitehen), 
where the information in the eopy is used to construct a protein 
by means of translation. Of course, to turn a reeipe into a eake, 
ingredients are needed. The ingredients neeessary to synthesize a pro- 
tein are amino aeids. Speeialized transport molecules, ealled transfer 
RNA (tRNA), earry the amino aeids to the ribosome (figure 3.23). 

In summary, the synthesis of proteins involves transeription— 
making a eopy of part of the information in DNA (a gene)—and 
translation, eonverting that eopied information into a protein. The 
details of transeription and translation are eonsidered next. 

49 Define a triplet in DNA. What is a gene? 

50 What are the two steps in protein synthesis? 

Transeription 

Transeription is the synthesis of mRNA, tRNA, and rRNA based on 
the nucleotide sequence in DNA (figure 3.24). Transeription occurs 


when a seetion of a DNA molecule unwinds and its eomplementary 
strands separate. One of the DNA strands serves as the template 
strand for the proeess of transeription. Nucleotides that form RNA 
align with the DNA nucleotides in the template strand by eomple- 
mentary base pairing. An adenine aligns with a thymine of DNA, a 
eytosine aligns with a guanine of DNA, and a guanine aligns with a 
eytosine of DNA. Instead of thymine, a uracil of RNA aligns with 
an adenine of DNA. Thus, the sequence of bases that aligns with the 
TCGA sequence of DNA is AGCU. This pairing relationship 
between nucleotides ensures that the information in DNA is tran- 
seribed eorreetly into RNA. 




Given the following sequence of nucleotides of a DNA molecule, write the 
sequence of mRNA that is transeribed from it. What is the nucleotide sequence 
of the eomplementary strand of the DNA molecule? How does it differ from the 
nucleotide sequence of RNA? DNA nucleotide sequence: CGTACG 


After the DNA nucleotides pair up with the RNA nucleotides, 
an enzyme ealled RNA polymerase eatalyzes reaetions that form 
eovalent bonds between the RNA nucleotides to form a long mRNA 
segment. 

Posttranseriptional proeessing modifies mRNA before it 
leaves the nucleus to form the fimetional mRNA that is used in 
translation to produce a protein or part of a protein. Not all of the 
nucleotides in mRNA eode for parts of a protein. The protein-eoding 
region of mRNA eontains seetions, ealled exons, that eode for parts 
of a protein as well as seetions, ealled introns, that do not eode for 
parts of a protein. The introns are removed from the mRNA and the 
exons are splieed together by enzymes ealled splieeosomes. The 
fimetional mRNA eonsists only of exons. 

In a proeess ealled alternative splieing, various eombinations of 
exons are ineorporated into mRNA. Which exons, and how many 
exons, are used to make mRNA ean vary between eells of different 
tissues, resulting in different mRNAs transeribed from the same 
gene. Alternative splieing allows a single gene to produce more than 
one speeifie protein. 

51 Deseribe the formation of mRNA. 

52 What is posttranseriptional proeessing and alternative splieing? 

Translation 

The information eontained in mRNA, ealled the genetie eode, is ear- 
ried in sets of three nucleotide units ealled eodons. A eodon speeifies 
an amino aeid during translation. For example, the eodon GAU 
speeifies the amino aeid aspartie aeid, and the eodon CGA speeifies 
arginine. Although there are only 20 different amino aeids eommonly 
found in proteins, 64 possible eodons exist. Therefore, an amino aeid 
ean have more than one eodon. The eodons for arginine include 
CGA, CGG, CGU, and CGC. Furthermore, some eodons aet as 
signals during translation. AUG, which speeifies methionine, also aets 
as a start eodon, which signals the beginning of translation. UAA, 
UGA, and UAG aet as stop eodons, which signal the end of transla- 
tion. Unlike the start eodon, those eodons do not speeify amino aeids. 
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1. DNA eontains the 
information neeessary to 
produce proteins. 

2. Transeription of one DNA 
strand results in mRNA, 
which is a eomplementary 
eopy of the information in 
the DNA strand needed to 
make a protein. 

3. The mRNA leaves the 
nucleus and goes to a 
ribosome. 

4. Amino aeids, the building 
bloeks of proteins, are 
earried to the ribosome by 
tRNAs. 

5. In the proeess of 
translation, the information 
eontained in mRNA is used 
to determine the number, 
kinds, and arrangement of 
amino aeids in the 
polypeptide ehain. 
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Proeess Figure 3.23 Overview of Protein Synthesis ap r. 


Therefore, the protein-eoding region of an mRNA begins at the start 
eodon and ends at a stop eodon. 

Translation is the synthesis of proteins in response to the 
eodons of mRNA. In addition to mRNA, translation requires ribo- 
somes and tRNA. Ribosomes eonsist of ribosomaÌ RNA (rRNA) 
and proteins. Like mRNA, rRNA and tRNA are produced in the 
nucleus by transeription. 

The function of tRNA is to mateh a speeifie amino aeid to a 
speeifie eodon of mRNA. To do this, one end of eaeh kind of 
tRNA eombines with a speeifie amino aeid. Another part of the 
tRNA ealled the antieodon eonsists of three nucleotides and is 
eomplementary to a particular eodon of mRNA. On the basis of 
the pairing relationships between nucleotides, the antieodon ean 
eombine only with its matehed eodon. For example, the tRNA 
that binds to aspartie aeid has the antieodon CUA, which eom- 
bines with the eodon GAU of mRNA. Therefore, the eodon GAU 
eodes for aspartie aeid. 

The fimetion of ribosomes is to align the eodons of mRNA with 
the antieodons of tRNA molecules and then enzymatieally join 
the amino aeids of adjaeent tRNA molecules. The mRNA moves 


through the ribosome one eodon at a time. With eaeh move, a new 
tRNA enters the ribosome and the amino aeid is linked to the grow- 
ing ehain, forming a polypeptide. The step-by-step proeess of protein 
synthesis at the ribosome is deseribed in detail in figure 3.25. 

After the initial part of mRNA is used by a ribosome, another 
ribosome ean attaeh to the mRNA and begin to make a protein. The 
resulting cluster of ribosomes attaehed to the mRNA is ealled a 
polyribosome (see figure 3.25, step 6). Eaeh ribosome in a poly- 
ribosome produces an identieal protein, and polyribosomes are an 
effieient way to use a single mRNA molecule to produce many eop- 
ies of the same protein. 

Posttranslational proeessing is making modifieations to pro- 
teins after they are produced. Many proteins are longer when first 
made than they are in their final, fimetional state. These proteins 
are ealled proproteins, and the extra pieee of the molecule is eleaved 
off by enzymes to make the proprotein into a fimetional protein. 
Many proteins have side ehains, such as polysaeeharides, added to 
them following translation. Some proteins are eomposed of two or 
more amino aeid ehains that are joined after eaeh ehain is produced 
on separate ribosomes. 
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1. The strands of the DNA molecule separate from eaeh other. One 
DNA strand serves as a template for mRNA synthesis. 

2. Nucleotides that will form mRNA pair with DNA nucleotides aeeording 
to the base-pair eombinations shown in the key at the top of the 
figure.Thus, the sequence of nucleotides in the template DNA strand 
(purplé) determines the sequence of nucleotides in mRNA (graý). 
RNA polymerase (the enzyme is not shown) joins the nucleotides of 
mRNA together. 

3. As nucleotides are added, an mRNA molecule is formed. 

Proeess Figure 3.24 Formation of mRNA by 

Transeription of DNA apìR, 


53 Define genetie eode, eodon, ontieodon, stort eodon, and stop eodon. 

54 What are the functions of tRNA and ribosomes in translation? 

55 Deseribe posttranslational proeessing of proteins. 


3.7 Cell Dívisson 

Cell division is the formation of two daughter eells from a single 
parent eell. The eytoplasm of the parent eell is divided in a proeess 
ealled eytokinesis. The nucleus of the parent eell ean form the nuclei 


of the daughter eells by mitosis or meiosis. The new eells neeessary 
for growth and tissue repair are formed through mitosis (ml-tò'sis, 
mitoSy thread; refers to threadlike spindle fibers formed during mito- 
sis). The sex eells, ealled gametes (gam'étz), neeessary for reproduc- 
tion are formed through meiosis (mi-ò'sís, a lessening). In males, 
the gametes are sperm eells; in females, the gametes are ooeytes 
(egg eells). 

During mitosis and meiosis the DNA within the parent eell is 
distributed to the daughter eells. The DNA is found within ehromo- 
somes. The normal number of ehromosomes in a somatie eell is 
ealled the diploid (dip'loyd, twofold) number. Somatie eells are 
eells of the body, except for gametes. The normal number of ehromo- 
somes in a gamete is the haploid (hap'loyd, single) number. In 
humans, the diploid number of ehromosomes is 46 and the haploid 
number is 23. The 46 ehromosomes are organized to form 23 pairs 
of ehromosomes. Of the 23 pairs, one pair is the sex ehromosomes, 
which eonsist of two X ehromosomes if the person is a female or an 
X ehromosome and a Y ehromosome if the person is a male. The 
remaining 22 pairs of ehromosomes are ealled autosomes (aw'tò- 
sòmz). The eombination of sex ehromosomes determines the indi- 
viduafs sex, and the autosomes determine most other eharaeteristies. 

Following mitosis, eaeh daughter eell has the diploid number of 
ehromosomes—they have the same type and amount of DNA as the 
parent eell. Because DNA determines eell structure and fimetion, the 
daughter eells tend to have the same structure and perform the same 
fimetions as the parent eell. During development and eell differen- 
tiation, however, the fiinetions of daughter eells may differ from eaeh 
other and from that of the parent eell (see “Differentiation,” p. 72). 

Following meiosis, the gametes have the haploid number of ehro- 
mosomes, that is, half of the DNA as the parent eell. Furthermore, the 
DNA in eaeh gamete differs from the DNA of the other gametes. 
Chapter 24 deseribes the details of meiosis. 

Interphase is the period between eell divisions. The DNA in 
eaeh ehromosome replieates during interphase (figure 3.26). The two 
strands of DNA separate from eaeh other, and eaeh strand serves as 
a template for the production of a new strand of DNA. Nucleotides 
in the DNA of an old strand pair with nucleotides that are subse- 
quently joined by enzymes to form a new strand of DNA. The 
sequence of nucleotides in the DNA template determines the 
sequence of nucleotides in the new strand of DNA because adenine 
pairs with thymine, and eytosine pairs with guanine. The two new 
strands of DNA eombine with the two template strands to form two 
double strands of DNA. 


Prediet 



Suppose a molecule of DNA separates, forming strands 1 and 2. Part of the 
nucleotide sequence in strand 1 is ATGCTA. From this template, what would be 
the sequence of nucleotides in the DNA replieated from strand 1 and strand 2? 


MìtOSÌS 

The DNA replieated during interphase is dispersed as ehromatin. 
During mitosis, the ehromatin beeomes very densely eoiled to 
form eompaet ehromosomes. These ehromosomes are diserete 
bodies easily seen with a light mieroseope after staining the nuclei 
of dividing eells. Because the DNA has been replieated, eaeh 
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1. To start protein synthesis, a ribosome binds to 
mRNA.The ribosome also has two binding sites for 
tRNA, one of which is occupied by a tRNA with its 
amino aeid. Note that the first eodon to assoeiate 
with a tRNA is AUG, the start eodon, which eodes 
for methionine.The eodon of mRNA and the 
antieodon of tRNA are aligned and joined. The 
other tRNA binding site is open. 


2. By occupying the open tRNA binding site, the 
next tRNA is properly aligned with mRNA and 
with the other tRNA. 


3. An enzyme within the ribosome eatalyzes a 
synthesis reaetion to form a peptide bond 
between the amino aeids. Note that the amino 
aeids are now assoeiated with only one of the 
tRNAs. 


4. The ribosome shifts position by three nucleotides. 
The tRNA without the amino aeid is released from 
the ribosome, and the tRNA with the amino aeids 
takes its position. A tRNA binding site is left open 
by the shift. Additional amino aeids ean be added 
by repeating steps 2 through 4. 


5. Eventually, a stop eodon in the mRNA, such as 
UAA, ends the proeess of translation. At this 
point, the mRNA and polypeptide ehain are 
released from the ribosome. 


6. Multiple ribosomes attaeh to a single mRNA to 
form a polyribosome. As the ribosomes move 
down the mRNA, proteins attaehed to the 
ribosomes lengthen and eventually detaeh from 
the mRNA. 
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Proeess Figure 3.25 Translation of mRNA to Produce a Protein 
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Cytosine 

Thymine 



Guanine 

Adenine 


Old strand 
(template) 


Original 
DNA molecule 


DNA strands 
separate. 



Nucleotide 


Old strand 
(template) 


New DNA molecule 


New DNA molecule 


1. The strands of the DNA molecule separate from eaeh other. 

2. Eaeh old strand (dark purple) functions as a template on which a new, 
eomplementary strand (light purple) is formed.The base-pairing 
relationship between nucleotides determines the sequence of 
nucleotides in the newly formed strands. 

3. Two identieal DNA molecules are produced. 

Proeess Figure 3.26 Replieation of dna apr 

Replieation of DNA during interphase produces two identieal molecules of DNA. 


ehromosome eonsists of two ehromatids, which are attaehed at a 
single point ealled the eentromere (figure 3.27). Eaeh ehromatid 
eontains a DNA molecule. As two daughter eells are formed, the 
ehromatids separate, and eaeh is now ealled a ehromosome. Eaeh 
daughter eell reeeives one of the ehromosomes. Thus, the daughter 
eells reeeive the same eomplement of ehromosomes (DNA) and are 
genetieally identieal. 

Mitosis follows interphase. For eonvenienee of discussion, 
mitosis is divided into four phases: prophase, metaphase, ana- 
P h ase, and telophase (teEò-fàz). Although eaeh phase represents 
major events, mitosis is a continuous proeess, and no diserete jumps 
occur from one phase to another. Learning the eharaeteristies assoei- 



ehromosome Chromosome 


1. The DNA of a ehromosome is dispersed as ehromatin. 

2. The DNA molecule unwinds, and eaeh strand of the molecule is 
replieated. 

3. During mitosis, the ehromatin from eaeh replieated DNA strand 
eondenses to form a ehromatid. The ehromatids are joined at the 
eentromere to form a single ehromosome. 

4. The ehromatids separate to form two new, identieal ehromosomes.The 
ehromosomes will unwind to form ehromatin in the nuclei of the two 
daughter eells. 

Proeess Figure 3.27 Replieation of a ehromosome 


ated with eaeh phase is helpful, but a more important eoneept is 
that eaeh daughter eell obtains the same number and type of ehro- 
mosomes as the parent eell. The major events of mitosis are sum- 
marized in figure 3.28. 
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1. Interphase is the time betvveen eell divisions. DNA is 
found as thin threads of ehromatin in the nucleus. 
DNA replieation occurs during interphase. 

Organelles, otherthan the nucleus, duplicate 
during interphase. 


2. In prophase, the ehromatin eondenses into 
ehromosomes. Eaeh ehromosome eonsists of tvvo 
ehromatids joined at the eentromere. The eentrioles 
move to the opposite ends of the eell, and the nucleolus 
and the nuclear envelope disappear. Microtubules form 
near the eentrioles and projeet in all direetions. Some of 
the microtubules end blindly and are ealled astral fibers. 
Others, knovvn as spindle fibers, projeet tovvard an 
invisible line ealled the equator and overlap vvith fibers 
from opposite eentrioles. 


3. In metaphase, the ehromosomes align in the eenter of 
the eell in assoeiation vvith the spindle fibers. Some 
spindle fibers are attaehed to kinetoehores in the 
eentromere of eaeh ehromosome. 



Nucleus 


Chromatin 



Spindle 

fibers 



Astral fibers 




Oentriole 

Equator 


Oentromere 


Chromatid 

Chromatid 



Chromosome 



Spindle fiber 
Kinetoehore 


in eentromere 


Chromosomes 



4. In anaphase, the ehromatids separate, and eaeh 
ehromatid is then referred to as a ehromosome. Thus, 
vvhen the eentromeres divide, the ehromosome number 
is double, and there are tvvo identieal sets of 
ehromosomes. The ehromosomes, assisted by the 
spindle fibers, move tovvard the eentrioles at eaeh end of 
the eell. Separation of the ehromatids signals the 
beginning of anaphase, and, by the time anaphase has 
ended, the ehromosomes have reaehed the poles of the 
eell. Oytokinesis begins during anaphase as a eleavage 
furrow forms around the eell. 


5. In telophase, the ehromosomes unravel to beeome less 
distinet ehromatin threads. The nuclear envelope forms 
from the endoplasmie reticulum. The nucleoli form, and 
eytokinesis continues to form two eells. 



Oentriole 


identieal 

ehromosomes 




Nucleoli 


Nuclear envelope 


6. Mitosis is eomplete, and a new interphase begins. The 
ehromosomes have unraveled to beeome ehromatin. Cell 
division has produced two daughter eells, eaeh with DNA 
that is identieal to the DNA of the parent eell. 




Proeess Figure 3.28 eell Division: Mitosis and eytokinesis 
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eytokinesis 

Cytokinesis (srtò-ki-né'sis) is the division of the eytoplasm of the eell 
to produce two new eells. Cytokinesis begins in anaphase, continues 
through telophase, and ends in the following interphase (see figure 3.28). 
The first sign of eytokinesis is the formation of a eleavage furrow, which 
is an indentation of the plasma membrane. A eontraetile ring eomposed 
primarily of aetin filaments pulls the plasma membrane inward, dividing 
the eell into halves. Cytokinesis is eomplete when the membranes of the 
halves separate at the eleavage furrow to form two separate eells. 

56 How do the numbers of ehromosomes in somatie eells and gametes 
differfrom eaeh other? 

57 What are sex ehromosomes and autosomes? 

58 How does the DNA of daughter eells produced by mitosis and 
meiosis eompare with that of the parent eell? 

59 Define interphase. Deseribe the replieation of DNA during interphase. 

60 Define ehromatin, ehromatid, and ehromosome. 

61 Deseribe the events that occur during prophase, metaphase, 
anaphase, and telophase of mitosis. 

62 Deseribe eytokinesis. 

3.8 Differentiation 

DifFerentiation is the proeess by which eells develop speeialized 
structures and functions. The single eell formed by the union of a 
sperm eell and an ooeyte during fertilization divides by mitosis to 
form two eells, which divide to form four eells, and so on (see 
ehapter 23). The trillions of eells that ultimately make up the 
body of an adult stem from that single eell. Therefore, all the eells 
in an individual's body eontain the same amount and type of 
DNA because they resulted from mitosis. Not all eells look and 
function alike, even though the genetie information eontained in 
them is identieal. Bone eells, for example, do not look like or 
function as muscle eells, nerve eells, or red blood eells. 


Summary 

3.1 eell Organization and Functions <p. 46 ) 

1. Cells are the basie unit of life, eontaining organelles, which perform 
speeifie fimetions. 

2. The plasma membrane forms the outer boundary of the eell, 
the nucleus eontains genetie material and direets eell aetivities, 
and eytoplasm is material between the nucleus and plasma 
membrane. 

3. Cells metabolize and release energy, synthesize moleailes, provide 
a means of communication, reproduce, and provide for 
inheritanee. 

3.2 Plasma Membrane <p. 46 ) 

1. Intracellular substances are inside eells, whereas extracellular 
(intercellular) substances are between eells. 

2. The plasma membrane is eomposed of a double layer of phospholipid 
molecules (lipid bilayer) in which proteins float (fluid-mosaic 
model). The proteins fimetion as marker molecules, attaehment 


During differentiation of a eell, some portions of DNA are 
aetive, but others are inaetive. The aetive and inaetive seetions of 
DNA differ with eaeh eell type. The portion of DNA responsible for 
the structure and fimetion of a bone eell is different from that 
responsible for the structure and fimetion of a muscle eell. 
Differentiation results from the seleetive aetivation and inaetivation 
of segments of DNA. The meehanisms that determine which por- 
tions of DNA are aetive in any one eell type are not fiflly understood, 
but the resulting differentiation produces the many eell types that 
fimetion together to make a person. Evenmally, as eells differentiate 
and mature, the rate at which they divide slows or even stops. 



eioning 

Through the proeess of differentiation, eells beeome speeialized to 
eertain functions and are no longer eapable of producing an entire 
organism if isolated. Over 30 years ago, however, it was demonstrated 
in frogs that if the nucleus is removed from a differentiated eell and is 
transferred to an ooeyte with the nucleus removed, a eomplete nor- 
mal frog ean develop from that ooeyte. This proeess, ealled doning, 
demonstrated that during differentiation, genetie information is not 
irrevoeably lost. Because mammalian ooeytes are eonsiderably smaller 
than frog ooeytes, eloning of mammalian eells has been teehnieally 
much more difficult. Dr. lan Wilmut and his colleagues at the Roslin 
lnstitute in Edinburgh, Seotland, overeame those teehnieal difficulties 
in 1996, when they successfully eloned the first mammal, a sheep. 
Sinee that time, many other mammalian speeies have been eloned. 


63 How ean eells that have the same DNA be structurally and 
fimetionally different from eaeh other? 


proteins (eadherins and integrins), transport proteins, reeeptor 
proteins, and enzymes. 

3.3 Movement Throiigh the Plasma 

Membrane <p.49) 

Seleetively permeable membranes allow some substances, but not others, to 

pass through. 

Diffusion 

1. Diffiision is the movement of a solute frorn an area of higher 
eoneentration to an area of lower eoneentration within a solvent. At 
equilibrium, there is a uniform distribution of molecules. 

2. A solution is a mixture of liquids, gases, or solids in which dissolved 
substances are uniformly distributed. A solute dissolves in a solvent to 
form a solution. 

3. A eoneentration gradient is the eoneentration differenee of a solute 
between two points divided by the distanee bervveen the points. 
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Osmosis 

1. Osmosis is the movement of a solvent (water) aeross a seleetively 
permeable membrane. 

2. Osmotie pressure is the foree required to prevent the movement of 
water aeross a seleetively permeable membrane. 

3. isosmotie solutions have the same eoneentration, hyperosmotie 
solutions have a greater eoneentration, and hyposmotie solutions have a 
lesser eoneentration of solute partieles than a referenee solution. 

4. In a hypotonie solution, eells swell (and ean undergo lysis); in an 
isotonie solution, eells neither swell nor shrink; and in a hypertonie 
solution, eells shrink. 

Mediated Transport 

1. Mediated transport is the movement of a substance aeross a 
membrane by means of a transport protein. The substances 
transported tend to be large, non-lipid-soluble molecules or ions. 

2. Mediated transport exhibits speeifieity (seleetiveness), eompetition 
(similar molecules or ions eompete for a transport protein), and 
saturation (rate of transport eannot inerease because all transport 
proteins are in use). 

3. Channel proteins form membrane ehannels (ion ehannels). 

4. Carrier proteins bind to ions or moleailes and transport them. 

■ LJniport (faeilitated diffusion) moves an ion or molecule down its 
eoneentration gradient. 

■ Symport moves two or more ions or molecules in the same direetion. 

■ Antiport moves two or more ions or moleerdes in opposite direetions. 

3. ATP-powered pumps move ions or molecules against their 
eoneentration gradient using the energy from ATP. 

6. Seeondary aetive transport uses the energy of one substance moving 
down its eoneentration gradient to move another substance aeross the 
plasma membrane. 

Vesicular Transport 

1. Endoeytosis is the movement of materials into eells by the formation of 
a vesiele. 

■ Phagoeytosis is the movement of solid material into eells. 

■ Pinoeytosis is the uptake of small droplets of liquids and the 
materials in them. 

■ Reeeptor-mediated endoeytosis involves plasma membrane 
reeeptors attaehing to molecules that are then taken into the eell. 

2. Exocytosis is the seeretion of materials from eells by vesiele formation. 

3.4 eytoplasm (p. 58) 

The eytoplasm is the material outside the nucleus and inside the plasma 
membrane. 

eytosol 

1. Cytosol eonsists of a fluid part (the site of ehemieal reaetions), the 
eytoskeleton, and eytoplasmie inclusions. 

2. The eytoskeleton supports the eell and enables eell movements. It 
eonsists of protein fibers (microtubules, aetin filaments, and 
intermediate filaments). 

3.5 The Nucleus and eytoplasmie 

Organelles <p. 59 ) 

Organelles are subcellular structures speeialized for speeifie fimetions. 

Nucleus 

1. The nuclear envelope eonsists of two separate membranes with nuclear 
pores. 

2. DNA and assoeiated proteins are found inside the nucleus. DNA is the 
hereditary material of the eell and eontrols the aetivities of the eell. 


3. Between eell divisions DNA is organized as ehromatin. During eell 
division ehromatin eondenses to form ehromosomes eonsisting of two 
ehromatids eonneeted by a eentromere. 

Nucleoli and Ribosomes 

1. Nucleoli eonsist of RNA and proteins and are the sites of ribosomal 
subunit assembly. 

2. Ribosomes are the sites of protein synthesis. 

Rough and Smooth Endoplasmie Reticulum 

1. Rough ER is ER with ribosomes attaehed. It is a major site of protein 
synthesis. 

2. Smooth ER does not have ribosomes attaehed. It is a major site of lipid 
synthesis. 

Golgi Apparatus 

The Golgi apparatus is a series of elosely paeked membrane saes that eolleet, 
modify, paekage, and distribute proteins and lipids produced by the ER. 

Seeretory vesieles 

Seeretory vesieles are membrane-bound saes that earry substances from the Golgi 
apparatus to the plasma membrane, where the vesiele eontents are released. 

Lysosomes and Peroxisomes 

Membrane-bound saes eontaining enzymes include lysosomes and 
peroxisomes. Within the eell the lysosomes break down material within 
endoeytie vesieles. Peroxisomes break down fatty aeids, amino aeids, and 
hydrogen peroxide. 

Proteasomes 

Proteasomes are large, multienzyme complexes, not bound by membranes, 
that digest seleeted proteins within the eell. 

Mitoehondria 

1. Mitoehondria are the major sites of the production of ATP, which is an 
energy source for eells. 

2. The mitoehondria have a smooth outer membrane and an inner 
membrane that is infolded to produce eristae. 

3. Mitoehondria eontain their own DNA, ean produce some of their own 
proteins, and ean replieate independently of the eell. 

eentrioles and Spindle Fibers 

1. Centrioles are eylindrieal organelles loeated in the eentrosome, a speeialized 
zone of the eytoplasm. The eentrosome is the site of microtubule formation. 

2. Spindle fibers are involved in the separation of ehromosomes during 
eell division. 

eilia, Flagella, and Mierovilli 

1. Cilia move substances over the surfaces of eells. 

2. Flagella are much longer than eilia and propel sperm eells. 

3. Mierovilli inerease the surface area of eells and aid in absorption and 
seeretion. Some mierovilli fimetion as sensory reeeptors. 

Whole-Cell Aetivity 

The interaetions between organelles must be eonsidered for eell fimetion to 
be fully understood. That fimetion is refleeted in the quantity and 
distribution of organelles. 

3.6 Protein Synthesis <p. óó> 

1. DNA eontrols enzyme production and eell aetivity is regulated by 
enzymes (proteins). 

2. A gene is all of the nucleotide triplets neeessary to make a fimetional 
RNA molecule or protein. 
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Transeription 

1. DNA unwinds and, through nucleotide pairing, produces mRNA. 

2. During posttranseriptional proeessing, introns are removed and exons 
are splieed by splieeosomes. 

3. Alternative splieing produces difFerent eombinations of exons, allowing 
one gene to produce more than one type of protein. 

Translation 

1. The mRNA moves through the nuclear pores to ribosomes. 

2. Transfer RNA (tRNA), which earries amino aeids, interaets at the 
ribosome with mRNA. The antieodons of tRNA bind to the eodons of 
mRNA, and the amino aeids are joined to form a protein. 

3. During posttranslational proeessing, proproteins are modified by 
proenzymes. 

3.7 eell Division <p. 68) 

1. Cell division that occurs by mitosis produces new eells for growth and 
tissue repair. 

2. Cell division that occurs by meiosis produces gametes (sex eells). 
Sperm eells in males and ooeytes (egg eells) in females are gametes. 

3. Chromosomes 

■ Somatie eells have a diploid number of ehromosomes, whereas 
gametes have a haploid number. In humans, the diploid number is 

46 (23 pairs) and the haploid number is 23. 

■ ffumans have 22 pairs of autosomal ehromosomes and one pair of 
sex ehromosomes. Females have the sex ehromosomes XX and 
males have XY. 

4. DNA replieates during interphase, the time between eell division. 

Review and eomprehension 

3.1 eell Organization and Funct ons (p. 46) 

1. Cells 

a. produce heat that helps to maintain body temperature. 

b. are different from eaeh other because of the types of molecules they 
produce. 

e. communicate with eaeh other through ehemieal and eleetrie signals. 

d. divide to produce new eells eontaining the same genetie information. 

e. all of the above. 

3.2 Plasma Membrane <p. 46) 

2. In the plasma membrane, phospholipids 

a. form most of the bilayer. 

b. fimetion as enzymes. 
e. bind eells together. 

d. allow eells to identify eaeh other. 

e. all of the above. 

3.3 Movement Through the Plasma 

Membrane <p.49) 

3. Concerning diffusion, 

a. most non-lipid-soluble molecules and ions diffhse through the lipid 
bilayer. 

b. it stops when random movement of molecules and ions stops. 
e. it is the movement of molecules or ions from areas of lower 

eoneentration to areas of higher eoneentration. 

d. the greater the eoneentration gradient, the greater the rate of diffhsion. 

e. it requires ATP. 


MÌtOSÌS 

1. Chromatin eondenses to form ehromosomes, eonsisting of two 
ehromatids. The ehromatids separate to form two ehromosomes, which 
are distributed to eaeh daughter eell. 

2. Mitosis is divided into four stages: 

■ Prophase. Chromatin eondenses to beeome visible as ehromosomes. 
Eaeh ehromosome eonsists of two ehromatids joined at the 
eentromere. Centrioles move to opposite poles of the eell, and astral 
fibers and spindle fibers form. Nucleoli disappear, and the nuclear 
envelope degenerates. 

■ Metaphase. Chromosomes align at the equatorial plane. 

■ Anaphase. The ehromatids of eaeh ehromosome separate at the 
eentromere. Eaeh ehromatid then is ealled a ehromosome. The 
ehromosomes migrate to opposite poles. 

■ Telophase. Chromosomes unravel to beeome ehromatin. The 
nuclear envelope and nucleoli reappear. 

eytokinesis 

1. Cytokinesis is the division of the eytoplasm of the eell. It begins with 
the formation of the eleavage furrow during anaphase. 

2. Cytokinesis is eomplete when the plasma membrane eomes together at 
the equator, producing two new daughter eells. 

3.8 Differentiation <p. 72 ) 

Differentiation, the proeess by which eells develop speeialized structures and 
ffmetions, results from the seleetive aetivation and inaetivation of DNA 
seetions. 


4. Which of these statements about osmosis is tme? 

a. Osmosis always involves a membrane that allows water and all 
solutes to move through it. 

b. The greater the solute eoneentration, the smaller the osmotie 
pressure of a solution. 

e. Osmosis moves water from a solution with a greater solute 
eoneentration to a solution with a lesser solute eoneentration. 

d. The greater the osmotie pressure of a solution, the greater the 
tendeney for water to move into the solution. 

e. Osmosis occurs because of hydrostatie pressure outside the eell. 

3. If a eell is plaeed in a (an)_solution, lysis of the eell 

may occur. 

a. hypertonie b. hypotonie e. isotonie d. isosmotie 

6. Suppose that a man is doing heavy exercise in the hot summer sun. ffe 
sweats proffisely. ff e then drinks a large amount of distilled water. After 
he drinks the water, you would expect his tissue eells to 

a. shrink. b. swell. e. remain the same. 

7. In mediated transport, 

a. the rate of transport is limited by the number of transport proteins. 

b. similar molecules may be moved by the same transport protein. 
e. eaeh transport protein moves particular molecules or ions, but not 

others. 

d. all of the above. 
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8. Which of these statements about faeilitated diffusion is true? 

a. In faeilitated diífusion, net movement is down the eoneentration 
gradient. 

b. Faeilitated diffusion requires the expenditure of energy. 
e. Faeilitated diffusion does not require a earrier protein. 

d. Faeilitated diffusion moves materials through membrane ehannels. 

e. Faeilitated diffusion moves materials in vesieles. 

9. The Na + -K + pump 

a. requires ATP. 

b. moves Na + and K + against their eoneentration gradients. 
e. is an example of antiport. 

d. is a earrier protein. 

e. all of the above. 

10. Which of these statements eoneerning the symport of glucose into eells 
is true? 

a. The Na + -K + pump moves Na + into eells. 

b. The eoneentration of Na + outside eells is less than inside eells. 
e. A earrier protein moves Na + into eells and glucose out of eells. 

d. The eoneentration of glucose ean be greater inside eells than outside 
eells. 

e. As Na + are aetively transported into the eell, glucose is earried along. 

11. A white blood eell ingests solid partieles by forming vesieles. This 
deseribes the proeess of 

a. exocytosis. 

b. faeilitated diffusion. 

e. seeondary aetive transport. 

d. phagoeytosis. 

e. pinoeytosis. 

3.4 eytoplasm <p. 58 ) 

12. Cytoplasm is found 

a. in the nucleus. 

b. outside the nucleus and inside the plasma membrane. 
e. outside the plasma membrane. 

d. everywhere in the eell. 

13. Aetin filaments 

a. are essential eomponents of eentrioles, spindle fibers, eilia, and flagella. 

b. are involved with ehanges in eell shape. 

e. are hollow tubes. 

d. are aggregates of ehemieals taken in by eells. 

14. Cylindrically shaped extensions of the plasma membrane that do not 
move, are supported with aetin filaments, and may fimetion in 
absorption or as sensory reeeptors are 

a. eentrioles. e. eilia. e. mierovilli. 

b. spindle fibers. d. flagella. 

3.5 The Nucleus and eytoplasmie 

Organelles (p. 59) 

13. Mature red blood eells eannot 

a. synthesize ATP. 

b. transport oxygen. 

e. synthesize new protein. 

d. use glucose as a nutrient. 

16. A large structure, normally visible in the nucleus of a eell, where 
ribosomal subunits are produced is ealled a (an) 

a. endoplasmie reticulum. 

b. mitoehondrion. 

e. nucleolus. 
d. lysosome. 


17. A eell that synthesizes large amounts of protein for use outside the eell 
has a large 

a. number of eytoplasmie inclusions. 

b. amount of rough endoplasmie reticulum. 
e. amount of smooth endoplasmie retiaihim. 

d. number of lysosomes. 

18. After the ER produces a protein, 

a. a seeretory vesiele earries it to the Golgi apparatus. 

b. a transport vesiele earries it to a lysosome. 

e. it ean be modified by the Golgi apparatus. 

d. it ean be modified by a proteasome. 

19. Which of these organelles produces large amounts of ATP? 

a. nucleus 

b. mitoehondria 

e. ribosomes 

d. endoplasmie reticulum 

e. lysosomes 

3.6 Protein Synthesis (p. 66) 

20. A portion of an mRNA molecule that determines one amino aeid in a 
polypeptide ehain is ealled a (an) 

a. mieleotide. 

b. gene. 
e. eodon. 

d. exon. 

e. intron. 

21. In which of these organelles is mRNA synthesized? 

a. nucleus 

b. ribosome 

e. endoplasmie reticulum 

d. nuclear envelope 

e. peroxisome 

22. Which of the following structures bind to eaeh other? 

a. DNA triplet—eodon 

b. eodon—antieodon 
e. amino aeid—tRNA 

d. adenine—thymine 

e. all of the above 

3.7 eell Division <p. 68) 

23. Concerning ehromosomes, 

a. the diploid number of ehromosomes is in gametes. 

b. humans have 23 ehromosomes in somatie eells. 
e. males have two X ehromosomes. 

d. they are replieated during interphase. 

24. Given the following aetivities: 

1. repair 2. growth 3. gamete production 

Which of the aetivities is (are) the result of mitosis? 

a. 2 b. 3 e. 1,2 d. 2,3 e. 1,2,3 

3.8 Differentiation (p. 72 ) 

23. Differentiated eells 

a. have the same DNA. 

b. result from eells that divided by mitosis. 

e. have some portions of DNA aetive and other portions inaetive. 
d. all of the above 

Answers in Appendix E 
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1. Container A has a 10% salt solution, and eontainer B has a 20% salt 
solution. If the two solutions are eonneeted, is the net movement of 
water by diffusion from eontainer A to B or B to A? Is the net 
movement of salt from eontainer A to B or B to A? 

2. Given the setup in figure 3.5, what would happen to osmotie pressure 
if the membrane were not seleetively permeable but instead allowed all 
solutes and water to pass through it? 

3. Suppose a woman ran a long-distanee raee in the summer. During the 
raee, she lost a large amount of hyposmotie sweat. Would her eells 
shrink, swell, or stay the same size? 

4. The body of a man was found floating in the salt water of Grand-Paeifie 
Bay, which has a eoneentration that is slightly greater than body fluids. 
When seen during an autopsy, the eells in his lung tissues were elearly 
swollen. Choose the most logieal conclusion. 

a. He probably drowned in the bay. 

b. He may have been murdered elsewhere. 
e. He did not drown. 

5. Why does a surgeon irrigate a surgical wound from which a tumor has 
been removed with sterile distilled water rather than with sterile 
isotonie saline? 

6. Patients with kidney failure ean be kept alive by dialysis, which removes 
toxic waste products from the blood. In a dialysis maehine, blood flows 
past one side of a seleetively permeable dialysis membrane, and dialysis 
fluid flows on the other side of the membrane. Small substances, such 
as ions, glucose, and urea, ean pass through the dialysis membrane, but 
larger substances, such as proteins, eannot. If you wanted to use a 
dialysis maehine to remove only the toxic waste product urea from 
blood, what could you use for the dialysis fluid? 

a. a solution that is isotonie and eontains only protein 

b. a solution that is isotonie and eontains the same eoneentration of 
substances as blood, except for having no urea in it 

e. distilled water 
d. blood 


7. Seeretory vesieles fuse with the plasma membrane to release their 
eontents to the outside of the eell. In this proeess the membrane of the 
seeretory vesiele beeomes part of the plasma membrane. Because small 
pieees of membrane are continually added to the plasma membrane, 
one would expect the plasma membrane to beeome larger and larger as 
seeretion continues. The plasma membrane stays the same size, 
however. Explain how this happens. 

8. Suppose that a eell has the following eharaeteristies: many 
mitoehondria, well-developed rough ER, well-developed Golgi 
apparatuses, and numerous vesieles. Prediet the major function of the 
eell. Explain how eaeh eharaeteristie supports your predietion. 

9. If you had the ability to inhibit mRNA synthesis with a drug, explain 
how you could distinguish between proteins released from seeretory 
vesieles in which they had been stored and proteins released from eells 
in which they had been newly synthesized. 

10. The proteins (hemoglobin) in red blood eells normally organize 
relative to one another, forming “staeks” of proteins, which are in 
part responsible for the normal shape of red blood eells. In siekle-eell 
anemia, proteins inside red blood eells do not staek normally. 
Consequently, the red blood eells beeome siekle-shaped and plug 
up small blood vessels. It is known that siekle-eell anemia is 
hereditary and results from ehanging one nucleotide for a diflFerent 
nucleotide within the gene that is responsible for producing the 
protein. Explain how this ehange results in an abnormally 
functioning protein. 

Answers in Appendix F 
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1. Define tissue and histology. 

2. Explain how tissues are elassifìed, and name the primary tissue 
types. 


4.2 Germ Layers 78 

3. Name the three embryonie germ layers, and list the parts of the 
body derived from them. 





4.3 


4.4 


4.5 


4.6 


4.7 


4.8 


4.9 


This eolorized seanning eleetron mierograph of simple columnar 
epithelium lining the uterine tube shows the columnar epithelial 
eells (blué) resting on a weblike basement membrane. Organelles 
of the epithelial eells synthesize a small volume of mucus and 
seerete it on their free surface. eilia are the hairlike structures 
seen at the free surface of some of the epithelial eell. eilia move 
the mucus produced by the epithelial eells over the surface of 
the eells. 


4.10 


Epithelial Tissue 78 

4. List the features that eharaeterize epithelial tissue. 

5. Discuss the functions of epithelia. 

6. Deseribe the eharaeteristies that are used to elassify the various 
epithelial types and give an example of eaeh. 

7. Deseribe the relationship between epithelial structure and function. 

8. Defìne the term gland, and discuss the types of glands. 

eonneetive Tissue 86 

9. Discuss the functions of eonneetive tissue. 

10. List the major large molecules of the eonneetive tissue matrix, and 
explain their functions in the matrix. 

11. List the major eategories of eonneetive tissue, and deseribe the 
eharaeteristies of eaeh. 

Muscle Tissue 93 

12. Name the main types of rrmseles, and list their major eharaeteristies. 

Nervous Tissue 95 

13. Deseribe the eharaeteristies of nervous tissue. 

Membranes 96 

14. List the functional and structural eharaeteristies of mucous, serous, 
and synovial membranes. 

Inflammation 96 

15. Deseribe the proeess of inflammation, and explain why 
inflammation is proteetive to the body. 

Tissue Renevval and Repair 97 

16. Discuss the major events involved in tissue repair. 

Tissues and Aging 102 

17. Deseribe the age-related ehanges in tissues. 
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lntroduction 

I n some ways, the human body is like a complex maehine, such 
as a ear. Not all parts of a ear ean be made from a single type of 
material. Metal, eapable of withstanding the heat of the engine, 
eannot be used for windows or tires. Similarly, the many parts of 
the human body are made of eolleetions of speeialized eells and the 
materials surrounding them. Muscle eells that eontraet to produce 
body movements have a structure and function different from that 
of epithelial eells that proteet, seerete, or absorb. 

Knowledge of tissue structure and fìanetion is important in 
understanding how individual eells are organized to form tissues 
and how tissues are organized to form organs, organ systems, and 
the eomplete organism. There is a relationship between the struc- 
ture of eaeh tissue type and its function and between the tissues 
in an organ and the organ’s fìmetion. The structure and function 
of tissues are so elosely related that you should be able to prediet 
the fìanetion of a tissue when given its structure, and viee versa. 


and the eetoderm (ek'tò-derm). The disk folds over to form a tube 
in which the eetoderm is the outer layer, the mesoderm is the middle 
layer, and the endoderm is the inner layer. The endoderm, meso- 
derm, and eetoderm are ealled germ layers because they “germinate” 
to give rise to all the tissues of the body (see ehapter 25). The endo- 
derm forms the lining of the digestive traet and its derivatives; the 
mesoderm forms tissues such as muscle, bone, and blood vessels; and 
the eetoderm forms the outermost layer of the skin. A portion of the 
eetoderm, ealled neuroectoderm (noor-ò-ek'tò-derm), beeomes the 
nervous system (see ehapter 25). Groups of eells that break away 
from the neuroectoderm during development, ealled neural erest 
eells, give rise to parts of the peripheral nerves (see ehapter 11), skin 
pigment (see ehapter 5), the medulla of the adrenal gland (see 
ehapter 13), and many tissues of the faee. 

3 Name the three embryonie germ layers. 

4 What adult structures are derived from the endoderm, mesoderm, 
eetoderm, neuroectoderm, and neural erest eells? 


4.1 Tissues and Histology 

Tissues (tish'òz, to weave) are eolleetions of similar eells and the 
substances surrounding them. The extracellular matrix is the sub- 
stanees surrounding the eells. The elassifieation of tissue types is based 
on the structure of the eells, the eomposition of the extracellular 
matrix, and the fìmetions of the eells. The four primary tissues are 
epithelial, eonneetive, muscle, and nervous tissue. This ehapter 
emphasizes epithelial and eonneetive tissues. Muscle and nervous tis- 
sues are eonsidered in more detail in later ehapters. 

Development, growth, aging, trauma, and diseases result from 
ehanges in tissues. For example, enlargement of skeletal muscles 
occurs because skeletal muscle eells inerease in size in response to 
exercise. Reduced elastieity of blood vessel walls in aging people 
results from slowly developing ehanges in eonneetive tissue. Many 
tissue abnormalities, including eaneer, result from ehanges in tissues. 

Histology (his-tol'ò-jé, histo -, tissue + -ology, study) is the miero- 
seopie study of tissues. Much information about a person’s health ean 
be gained by examining tissues. For example, eaneer is identified and 
elassified based on eharaeteristie ehanges that occur in tissues. A biopsy 
(bl'op-sé) is the proeess of removing tissue samples from patients surgi- 
eally or with a needle for diagnostie purposes. In some eases, tissues are 
removed surgically and examined while the patient is still anesthetized. 
The results of the biopsy are used to determine the appropriate therapy. 
The elassifieation of eaneer tissue determines the amount of tissue 
removed as part of breast or other types of eaneer treatment. 

1 Define tissue and name the four primary tissue types. 

2 Define histology and biopsy. 

4.2 Germ Layers 

Approximately 18 days after fertilization, the eells that give rise to 
a new individual form an elongated disk eonsisting of three layers 
ealled the endoderm (en'dò-derm), the mesoderm (mez'ò-derm), 


4.3 Epithelial Tìssue 



Epithelium (ep-i-thé'lé-um, pl. epithelia, ep-i-thé'lé-à, epi, on 
+ thele, eovering or lining), or epithelial tissue, ean be thought 
of as a proteetive eovering of external and internal surfaces of 
the body. Characteristics eommon to most types of epithelium 
(figure 4.1) are 


1. Epithelium eovers surfaces of the body and forms glands that 
are derived developmentally from body surfaces. The body 
surfaces include the outside surface of the body and the lining 
of eavities such as the digestive traet, respiratory passages, and 
blood vessels. 

2. Epithelium eonsists almost entirely of eells, with very little 
extracellular matrix between them. 

3. Most epithelial tissues have one free surface, or apieal 
(ap'i-kàl) surface, not attaehed to other eells; a lateral 
surface attaehed to other epithelial eells; and a basal surface. 
The free surface often lines the lumen of ducts, vessels, or 
eavities. The basal surface of most epithelial tissues is 
attaehed to a basement membrane, a meshwork of proteins 
and other molecules. The basement membrane is seereted by 
the epithelial eells and by underlying eonneetive tissue eells. 
It is like the adhesive on Seoteh™ tape and helps attaeh the 
epithelial eells to the underlying tissues. The basement 
membrane also plays an important role in supporting and 
guiding eell migration during tissue repair. A few epithelial 
tissues, such as in lymphatie eapillaries and liver sinusoids, 
do not have basement membranes. 

4. Epithelium is avascular, meaning it does not eontain blood 
vessels. Epithelial eells exchange gases and nutrients by 
diffusion with blood vessels in underlying tissues. 

5 List four eharaeteristies eommon to most types of epithelium. 

6 Define free (apieal), lateral, and basalsurfaces of epithelial eells. What 
isthe basement membrane? 
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Cross-sectional view 


Figure 4.1 eharaeteristies of Epithelium 

Surface and eross-seetional views of epithelium illustrate the following eharaeteristies: little extracellular material between eells, a free surface, and a basement 
membrane attaehing epithelial eells to underlying tissues. Capillaries in eonneetive tissue do not penetrate the basement membrane. Nutrients, oxygen, and waste 
products must diffuse aeross the basement membrane between the eapillaries and the epithelial eells. 


Functions of Epithelìa 

The major functions of epithelia are 

1. Proteeting underlying structures. Examples are the outer layer of 
the skin and the epithelium of the oral eavity, which proteet the 
underlying structures from abrasion. 

2. Aetingas barriers. Epithelium prevents the movement of many 
substances through the epithelial layer. For example, the 
epithelium of the skin is a barrier to water and reduces water loss 
from the body. The epithelium of the skin also prevents the entry 
of many toxic molecules and mieroorganisms into the body. 

3. Permitting thepassage ofsubstances. Epithelium allows the 
movement of many substances through the epithelial layer. For 
example, oxygen and earbon dioxide are exchanged between the 
air and blood by diffusion through the epithelium in the lungs. 

4. Seereting substances. Mucous glands, sweat glands, and the 
enzyme-seereting portions of the panereas seerete their products 
onto epithelial surfaces or into ducts that earry them to other 
areas of the body. 

3. Absorbing substances. The plasma membranes of eertain epithelial 
tissues eontain earrier proteins (see ehapter 3), which regulate the 
absorption of materials. For example, the epithelial eells of the 
intestine absorb digested food molecules, vitamins, and ions. 


7 List five fimetions of epithelial tissue and give an example of eaeh. 

eiass f ieation of Epithelia 

Epithelia are elassified aeeording to the number of eell layers and the 
shapes of the eells. Simple epithelium eonsists of a single layer of 
eells. Stratified (layers) epithelium eonsists of more than one layer of 
epithelial eells, with some eells sitting on top of other eells. The eate- 
gories of epithelium based on eell shape are squamous (skwà'mus, 
flat and thin), cuboidal (cubelike), and columnar (tall and thin). In 
most eases, eaeh epithelium is given two names. Examples include 
simple squamous, simple columnar, and stratified squamous epithelia. 
When epithelium is stratified, it is named aeeording to the shape of 
the eells at the free surface. 

8 What terms are used to deseribe the number of layers and the shapes 
of eells in epithelial tissue? 

Simple Epithelium 

Simple squamous epithelium is a single layer of flat, thin eells (table 
\.\a). It is often found where diffusion or filtration takes plaee. Some 
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Table 4.1 


Simple Epithelium 


(a) Simple Squamous Epithelium _ap r 



Structure: 

Single layer of flat, often hexagonal 
eells; the nuclei appear as bumps when 
viewed as a eross seetion because the 
eells are so flat 


Function: 

Diffusion, fìltration, some seeretion 
and some proteetion against frietion 


Loeation: 

Alveoli of the lungs; lining 
(endothelium) of blood vessels, the 
heart, and lymphatie vessels; lining 
(mesothelium) of serous membranes 
of perieardial, pleural, and peritoneal 
eavities; portions of kidney tubules; 
small ducts; and inner surface of the 
tympanie membranes 



Lung alveoli 




Free surface 
Nucleus 

Basement 
membrane 


Simple 

squamous 

epithelial 

eell 


(b) Simple Cuboidal Epithelium 


Structure: 

Single layer of cube-shaped eells; 
some eells have mierovilli (kidney 
tubules) oreilia (terminal bronehioles 
of the lungs) 


Function: 

Aetive transport and faeilitated 
diffusion result in seeretion and 
absorption by eells of the kidney 
tubules; seeretion by eells of glands 
and ehoroid plexuses; movement of 
partieles embedded in mucus out of 
the terminal bronehioles by 
eiliated eells 


Loeation: 

Kidney tubules, glands and their 
ducts, ehoroid plexuses of the brain, 
lining of terminal bronehioles of the 
lungs, surfaces of the ovaries 
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Table 4.1 


Simple Epithelium—Continued 
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substances easily pass through this thin layer of eells and other sub- 
stanees do not. For example, the respiratory passages end as small saes 
ealled alveoli (al-vé'o-ll, sing. alveolus, hollow sae). The alveoli eon- 
sist of simple squamous epithelium that allows oxygen from the air to 
diffuse into the body and earbon dioxide to diffuse out of the body 
into the air. Simple squamous epithelial tissue in the kidneys forms 
thin barriers through which small molecules, but not large ones, ean 
pass. Small molecules, including water from blood, pass through these 
barriers as a major step in urine formation. Blood eells and large mol- 
ecules, such as proteins, remain in the blood vessels of the kidneys. 

Simple squamous epithelium also prevents abrasion between 
organs in the perieardial, pleural, and peritoneal eavities (see ehapter 1). 
The outer surfaces of organs are eovered with simple squamous epi- 
thelium that seeretes a slippery fluid. The fluid lubricates the surfaces 
between the organs, preventing damage from frietion when the 
organs rub against one another. 

Simple cuboidal epithelium is a single layer of cubelike eells 
(table 4.\b) that earry out aetive transport, faeilitated diffusion, or 
seeretion. Epithelial eells that seerete molecules such as proteins eon- 
tain organelles that synthesize them. These eells have a greater volume 
than simple squamous epithelial eells and eontain more eell organ- 
elles. The organelles of simple cuboidal eells that aetively transport 
molecules into and out of the eells include mitoehondria, which pro- 
duce ATP, and organelles needed to synthesize the transport proteins. 
Transport of molecules aeross a layer of simple cuboidal epithelium 
ean be regulated by the amount of ATP produced or by the type of 
transport proteins synthesized. The kidney tubules have large portions 
of their walls eomposed of simple cuboidal epithelium. These cuboi- 
dal epithelial eells seerete waste products into the tubules and reabsorb 
useful materials from the tubules as urine is formed. Some cuboidal 
epithelial eells have eilia that move mucus over the free surface or 
mierovilli that inerease the surface area for seeretion and absorption. 

Simple columnar epithelium is a single layer of tall, thin eells 
(table 4.1 e). These large eells eontain organelles that enable them to 
perform complex functions. For example, the simple columnar epi- 
thelium of the small intestine produces and seeretes mucus and 
digestive enzymes. The mucus proteets the lining of the intestine, 
and the digestive enzymes eomplete the proeess of digesting food. 
The columnar eells then absorb the digested foods by aetive trans- 
port, faeilitated diffusion, or simple diffusion. 

Pseudostratified ( pseudo, false) columnar epithelium is a spe- 
eial type of simple epithelium (table 4.1 d). The prefix pseudo- means 
false, so this type of epithelium appears to be stratified but is not. It 
eonsists of one layer of eells, with all the eells attaehed to the basement 
membrane. There is an appearanee of two or more layers of eells 
because some of the eells are tall and reaeh the free surface, whereas 
others are short and do not reaeh the free surface. Pseudostratified 
columnar epithelium lines some glands and ducts; auditory tubes; and 
some of the respiratory passages, such as the nasal eavity, nasal sinuses, 
pharynx, traehea, and bronehi. Pseudostratified columnar epithelium 
seeretes mucus, which eovers its free surface. Cilia loeated on the free 
surface move the mucus and the debris that accumulates in it over the 
surfaces. For example, eilia of the respiratory passages move mucus 
toward the throat, where it is swallowed. 

9 Name the four types of simple epithelium and give an example of eaeh. 


Stratified Epithelium 

Stratified squamous epithelium forms a thiek epithelium because it 
eonsists of several layers of eells (table 4.2 a). The deepest eells are 
cuboidal or columnar and are eapable of dividing and producing new 
eells. As these newly formed eells are pushed to the surface, they 
beeome flat and thin. If eells at the surface are damaged or rnbbed 
away, they are replaeed by eells formed in the deeper layers. 

Stratified squamous epithelium ean be elassified Rirther as either 
nonkeratinized or keratinized, aeeording to the eondition of the outer- 
most layer of eells. Nonkeratinized (moist) stratified squamous 
epithelmm (see table 4.2a), found in areas such as the mouth, esoph- 
agus, rectum, and vagina, eonsists of living eells in the deepest and 
outermost layers. A layer of fluid eovers the outermost layers of eells, 
which makes them moist. In eontrast, keratinized (ker'à-ti-nizd) 
stratified squamous epithelium, found in the skin (see ehapter 5), 
eonsists of living eells in the deepest layers, and the outer layers are 
eomposed of dead eells eontaining the protein keratin. The dead, kera- 
tinized eells give the tissue a durable, moisture-resistant, dry eharaeter. 

Stratified cuboidal epithelium eonsists of more than one layer 
of cuboidal epithelial eells (table 4.2^). This epithelial type is rela- 
tively rare and is found in sweat gland ducts, ovarian follieles, and the 
salivary glands. It Rmetions in absorption, seeretion, and proteetion. 

Stratified columnar epithelium eonsists of more than one layer 
of epithelial eells, but only the surface eells are columnar in shape 
(table 4.2e). The deeper layers are irregular in shape or cuboidal. Like 
stratified cuboidal epithelium, stratified columnar epithelium is rela- 
tively rare. It is found in loeations such as the mammary gland ducts, 
the larynx, and a portion of the male urethra. This epithelium earries 
out seeretion, proteetion, and some absorption. 

Transitional epithelium is a speeial type of stratified epithe- 
lium that ean be greatly stretehed (table 4.2 d). In the unstretched 
state, transitional epithelium eonsists of five or more layers of cuboi- 
dal or columnar eells that often are dome-shaped at the free surface. 
As transitional epithelium is stretehed, the eells ehange shape to a low 
cuboidal or squamous shape, and the number of eell layers deereases. 
Transitional epithelium lines eavities that ean expand greatly, such as 
the urinary bladder. It also proteets underlying structures from the 
caustic effeets of urine. 

10 Name the four types of stratified epithelium and give an example of 
eaeh. 

11 How do nonkeratinized (moist) stratified squamous epithelium and 
keratinized stratified squamous epithelium differ? Where is eaeh type 
found? 

Structural and Fimetional 

Relationships 

Cell Layers and Cell Shapes 

The number of eell layers and the shape of the eells in a speeifie type 
of epithelium refleet the Rmetion the epithelium performs. Two 
important Rmetions are eontrolling the passage of materials through 
the epithelium and proteeting the underlying tissues. Simple epithe- 
lium, with its single layer of eells, is found in organs in which the 
prineipal Rmetion is the movement of materials. Examples include 
diffusion of gases aeross the wall of the alveoli of the lungs, seeretion 
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Stratified Epithelium 



(a) Stratifìed Squamous Epitheliom 


Structure: 

Multiple layers of eells that are cuboidal in 


Function: 


Loeation: 


Proteetion against abrasion, a barrier Keratinized—skin; nonkeratinized 


■ 


Skin 


the basal layer and progressively flattened against infeetion, reduction of water (moist)—mouth, throat, larynx, 


toward the surface; the epithelium ean be 
nonkeratinized (moist) or keratinized; in 
nonkeratinized stratified squamous 
epithelium, the surface eells retain a 
nucleus and eytoplasm; in keratinized 
stratified epithelium, the eytoplasm of 
eells at the surface is replaeed by a protein 
ealled keratin, and the eells are dead 


loss from the body 


esophagus, anus, vagina, inferior 
urethra, eornea 



Cornea 


Mouth 


Esophagus 


* 




(b) Stratifìed Cuboidal Epithelium 


Structure: 


Function: 


Loeation: 


Multiple layers of somewhat Seeretion, absorption, proteetion Sweat gland ducts, ovarian follieles, 


cube-shaped eells 


against infeetion 


salivary gland ducts 




Parotid gland 
duct 
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gland duct 
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Table 4.2 


Stratified Epithelium—Continued 


(e) Stratifìed Columnar Epithelium 



Structure: Function: Loeation: 

Multiple layers of eells with tall, thin Proteetion and seeretion Mammary gland ducts, larynx, a 

eells resting on layers of more cuboidal portion of the male urethra 

eells; the eells are eiliated in the larynx 


Larynx 




Free surface 
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membrane 
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eell 
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(d) Transitional Epithelium 


Structure: 

Stratified eells that appear cuboidal 


Function: 

Aeeommodates fluctuations in the 


Loeation: 

Lining of urinary bladder, ureters, 


when the organ or tube is not stretehed volume of fluid in organs or tubes; superior urethra 


and squamous when the organ or tube 
is stretehed by fluid 


proteets against the caustic effeets 
of urine 
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in glands, and nutrient absorption in the intestines. The movement 
of materials through a stratified epithelium is hindered by its many 
layers. Stratified epithelium is well adapted for its proteetive func- 
tion. As the outer eell layers are damaged, they are replaeed by eells 
from deeper layers. Stratified squamous epithelium is found in areas 
of the body where abrasion ean occur, such as in the skin, mouth, 
throat, esophagus, anus, and vagina. 

Differenees in fimetion are also refleeted in eell shape. Cells are 
normally flat and thin when the fimetion is diffiision, such as in the 
alveoli of the lungs. Cells with the major fimetion of seeretion or 
absorption are usually cuboidal or columnar. They are larger because 
they eontain more organelles, which are responsible for the fimetion of 
the eell. The small intestine, for example, is lined with simple 
columnar epithelium. Some of the columnar eells are goblet eells 
(see table 4.1 e), which seerete a elear, viscous material ealled mucus 
(mu'kus). The goblet eells eontain abundant organelles responsible 
for the synthesis and seeretion of mucus, such as ribosomes, endo- 
plasmie reticulum, Golgi apparatuses, and seeretory vesieles filled 
with mucus. The large amounts of mucus produced proteets the 
intestinal lining against the digestive enzymes and aeid that enter 
the small intestine from the stomaeh and panereas. Simple cuboidal 
epithelial eells that seerete or absorb molecules, such as in the kid- 
ney tubules, eontain many mitoehondria, which produce the ATP 
required for aetive transport. 

12 What functions would a single layer of epithelial eells be expected to 
perform? A stratified layer? 

13 What eell shapes are typieally found in loeations where diffusion, 
seeretion, or absorption are occurring? 




Explain the consequences of having (a) nonkeratinized stratifìed epithelium 
rather than simple columnar epithelium lining the digestive traet and (b) non- 
keratinized stratified squamous epithelium ratherthan keratinized stratified 
squamous epithelium in the skin. 


Free eell Surfaces 

Most epithelia have a free surface that is not in eontaet with other 
eells and faees away from underlying tissues. The eharaeteristies of 
the free surface refleet the fimetions it performs. The free surface ean 
be smooth, it ean have mierovilli or eilia, or it ean be folded. Smooth 
surfaces reduce frietion. For example, the lining of blood vessels is 
simple squamous epithelium with a smooth surface, which reduces 
frietion as blood flows through the vessels. 

Mierovilli are eylindrieal extensions of the eell membrane that 
inerease the eell surface area (see ehapter 3). Normally, many miero- 
villi eover the free surface of eaeh eell involved in absorption or seere- 
tion, such as the eells lining the small intestine. 

Cilia (see ehapter 3) propel materials along the surface of eells. 
The nasal eavity and traehea are lined with pseudostratified columnar 
eiliated epithelium. Intermixed with the eiliated eells are goblet eells 
(see table 4.1 d). Dust and other materials are trapped in the mucus 
that eovers the epithelium, and movement of the eilia propels the 
mucus with its entrapped partieles to the baek of the throat, where it 
is swallowed or coughed up. The eonstant movement of mucus helps 
keep the respiratory passages elean. 


Transitional epithelium has a rather unusual plasma membrane 
speeialization: More rigid seetions of membrane are separated by very 
flexible regions in which the plasma membrane is folded. When tran- 
sitional epithelium is stretehed, the folded regions of the plasma mem- 
brane ean unfold, like an aeeordion opening up. Transitional epithelium 
is speeialized to expand. It is found in the urinary bladder, ureters, 
kidney pelvis, ealyees of the kidney, and superior part of the urethra. 

14 What is the function of an epithelial free surface that is smooth, has 
eilia, has mierovilli, or is folded? Give an example of epithelium in 
which eaeh surface type is found. 

Cell eonneetions 

Epithelial eells are eonneeted to one another in several ways (figure 4.2). 
Desmosomes (dez'mò-sòmz, desmos, a band + soma, body) are lim- 
ited plaquelike areas that strongly bind eells together. Many desmo- 
somes are found in epithelia subjected to stress, such as the stratified 
squamous epithelium of the skin. Modified desmosomes, ealled 
hemidesmosomes (hem-é-dez'mò-sòmz, hemi, one-half), anehor 
eells to the basement membrane. Adhesion belts form continuous 
bands around the perimeters of eells, eonneeting them together. 
Adhesion belts support tight junctions, which bind adjaeent eells 
together and form permeability barriers. Tight junctions prevent the 
passage of materials betiveen epithelial eells because they eompletely 



Figure 4.2 Cell eonneetions 

Desmosomes, adhesion belts, and tight junctions anehor eells to one another, 
and hemidesmosomes anehor eells to the basement membrane.Tight 
junctions also prevent the passage of materials between the eells. Gap 
junctions allow adjaeent eells to communicate with eaeh other. Few eells have 
all of these different eonneetions. 
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Duct- 


Seeretory- 

portion 




Seeretory 

portions 



(a) Simple straight tubular 
(glands in stomaeh 
and eolon) 


(b) Simple aeinar or alveolar 
(sebaceous glands 
of skin) 


(e) Compound tubular 

(mucous glands of duodenum) 


Figure 4.3 Structure of Exocrine Glands 

The names of exocrine glands are based on the shapes of their seeretory units and their ducts. 



(d) Compound aeinar or alveolar 
(mammary glands) 


surround eaeh eell, similar to the way a belt surrounds the waist. 
Materials that pass through the epithelial layer must pass through the 
eells, which ean regulate what materials eross the epithelial layer. Tight 
junctions are found in the lining of the intestines and most other 
simple epithelia. Gap junctions are small protein ehannels that allow 
small molecules and ions to pass from one epithelial eell to an adja- 
eent one. Most epithelial eells are eonneeted to one another by gap 
junctions, and it is believed that molecules or ions moving through 
the gap junctions aet as communication signals to eoordinate the 
aetivities of the eells. Gap junctions are also important in eoordinat- 
ing the eontraetions of eardiae and smooth muscle eells. 

15 Name the ways in which epithelial eells are bound to one another 
and to the basement membrane. 

16 In addition to holding eells together, name an additional function of 
tight junctions. What is the general function of gap junctions? 




If a simple epithelial type has well-developed tight junctions, explain how NaCI 
ean be moved from one side of the epithelial layer to the other, what type of 
epithelium it is likely to be, and how the movement of NaCI causes water to 
move in the same direetion. 


Glands 

A gland is a seeretory structure. Most glands are multicellular, eonsisting 
of epithelium and a supporting network of eonneetive tissue. Sometimes 
single goblet eells are elassified as unicellular glands because they seerete 
mucus. Multicellular glands ean be elassified in several ways. Endoerine 
(en'dò-krin, endo, within) glands do not have ducts, and exocrine 
(ek'sò-krin, exo, outside +krino, to separate) glands do. Endoerine 
glands seerete hormones, which enter the blood and are earried to other 
parts of the body. Endoerine glands are so variable in their structure that 
they are not elassified easily. They are deseribed in ehapter 15. 

Exocrine glands release their seeretions into ducts, which empty 
onto a surface or into a eavity. Examples of exocrine glands are sweat 
glands and mammary glands. The structure of the ducts is used to elas- 
sify the glands (figure 4.3). Glands with one duct are ealled simple, and 
glands with ducts that braneh repeatedly are ealled compound. Further 
elassifieation is based on whether the seeretory portion of the gland 


forms tubules (small tubes) or saelike structures ealled aeini (as'i-nl, 
grapes, suggesting a cluster of grapes or small saes) or alveoli (al-vé'ò-ll, 
hollow saes). Tubular glands ean be elassified as straight or eoiled. 

Exocrine glands ean also be elassified aeeording to how products 
leave the eell. Meroerine (mer'ò-krin) glands, such as water-producing 
sweat glands and the exocrine portion of the panereas, seerete products 
with no loss of cellular material (figure 4Aa). Seeretions are either 
aetively transported or paekaged in vesieles and then released by the 
proeess of exocytosis at the free surface of the eell. Apoerine (ap'ò-krin) 
glands, such as the milk-producing mammary glands, diseharge frag- 
ments of the gland eells in the seeretion (figure 4.4b). Products are 
retained within the eell, and portions of the eell are pinehed off to 
beeome part of the seeretion. Holoerine (hol'ò-krin) glands, such as 
sebaceous (oil) glands of the skin, shed entire eells (figure 4.4c). 
Products accumulate in the eytoplasm of eaeh epithelial eell, the eell 
ruptures and dies, and the entire eell beeomes part of the seeretion. The 
elassifieation of glands is eomplieated because it is now known that 
some glands seerete in more than one way. For example, apoerine glands 
also seerete in a meroerine fashion. 

17 Define gland. What is the differenee between an endoerine and an 
exocrine gland? 

18 Deseribe the elassifìeation seheme for multicellular exocrine glands 
on the basis of their duct systems. 

19 Deseribe three ways in which exocrine glands release their seeretions. 
Give an example of eaeh method. 

4.4 eonneetive Tissue ftpia 

Connective tissue makes up part of every organ in the body. The major 
structural eharaeteristie that distinguishes eonneetive tissue from the 
other three tissue types is that it eonsists of eells separated from eaeh 
other by abundant extracellular matrix. 

Functions of eonneetive Tissue 

Connective tissue structure is diverse, and it performs a variety of 
important fimetions: 

1. Enelosing and separating. Sheets of eonneetive tissue form 
capsules around organs, such as the liver and kidneys. 
Connective tissue also forms layers that separate tissues and 
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Seeretion in duct 



Vesiele releasing 
eontents into duct 


Vesiele eontaining 
seeretory products 


Pinehed-off portion 
of eell in the seeretion 



Replaeement 

eell 


Seeretory products 
stored in the eell 


Dying eell releases 
seeretory products. 



the duct 


(a) Meroerine gland 

Cells of the gland produce seeretions by 
aetive transport or produce vesieles that 
eontain seeretory products, and the vesieles 
empty their eontents into the duct through 
exocytosis. 


(b) Apoerine gland 

Seeretory products are stored in the eell near 
the lumen of the duct. A portion of the eell 
nearthe lumen eontaining seeretory products 
is pinehed off the eell and joins seeretions 
produced by a meroeine proeess. 


(e) Holoerine gland 

Seeretory products are stored in the 
eells of the gland. Entire eells are shed 
by the gland and beeome part of the 
seeretion. The lost eells are replaeed 
by other eells deeper in the gland. 


Figlire 4.4 Exocrine Glands and Seeretion Types 

Exocrine glands are elassified aeeording to the type of seeretion. 


organs. For example, eonneetive tissues separate muscles, 
arteries, veins, and nerves from one another. 

2. Connecting tissnes to one another. Tendons are strong eables, or 
bands, of eonneetive tissue that attaeh muscles to bone, and 
ligaments are eonneetive tissue bands that hold bones together. 

3. Siipporting and moving Bones of the skeletal system provide rigid 
support for the body, and semirigid eartilage supports structures 
such as the nose, ears, and surfaces of joints. Joints between 
bones allow one part of the body to move relative to other parts. 

4. Storing. Adipose tissue stores high-energy molecules, such as 
fats, and bones store minerals, such as calcium and phosphate. 

3. Cushioning and insulating. Adipose tissue cushions and proteets 
the tissues it surrounds and provides an insulating layer beneath 
the skin that helps eonserve heat. 

6. Transporting. Blood transports substances throughout the body, 
such as gases, nutrients, enzymes, hormones, and eells of the 
immune system. 

7. Proteeting. Cells of the immune system and blood provide 
proteetion against toxins and tissue injury, as well as from 
mieroorganisms. Bones proteet underlying structures from injury. 

20 What is the major eharaeteristie that distinguishes eonneetive tissue 
from other tissues? 

21 List the major functions of eonneetive tissues, and give an example of 
a eonneetive tissue that performs eaeh function. 

Cells and Extracellular Matrix 

Speeialized eells of the eonneetive tissues produce and maintain the 
extracellular matrix, which is the material around the eells. The 
names of the eells sometimes end with suffixes that identify the eell 


hmetions as blasts, eytes, or elasts. Blast (germ) eells produce the 
matrix, eyte (eell) eells maintain it, and elast (break) eells break it 
down for remodeling. For example, fibroblasts (fl' bro-blast, fibra, 
fiber) are eells that form fibers and ground substance in the extracel- 
lular matrix of fibrous eonneetive tissue and fibroeytes are eells 
that maintain it. Osteoblasts (os'té-ò-blasts, osteo, bone) form 
bone, osteoeytes (os'té-ò-sltz) maintain bone, and osteoelasts 
(os'té-ò-klasts, broken) break down bone. 

Other eells found in eonneetive tissue include adipoeytes (ad'i- 
pò-sltz), or fat eells, which store lipids; maerophages (mak'rò-fàj-ez, 
makros, large + phago, to eat), which ean move and ingest foreign 
substances, including mieroorganisms; and mast eells, which are non- 
motile eells that release inflammatory ehemieals, such as histamine. 

The structure of the extracellular matrix gives eonneetive tissue 
types most of their fimetional eharaeteristies, such as the ability of 
bones and eartilage to bear weight, of tendons and ligaments to with- 
stand tension, and of the skin’s dermis to withstand punctures, abra- 
sions, and other abuses. The extracellular matrix has three major 
eomponents: (1) protein fibers, (2) ground substance eonsisting of 
nonfibrous protein and other molecules, and (3) fluid. 

Three types of protein fibers help form most eonneetive tissues. 
Collagen (kol'là-jen, glue-producing) fibers, which resemble miero- 
seopie ropes, are flexible but resist stretehing. Reticular (ré-tik'u-làr) 
fibers are very fine, short eollagen fibers that braneh to form a sup- 
porting network. Elastie fibers have a structure similar to that of 
eoiled metal bed springs. After being stretehed, elastie fibers ean 
reeoil to their original shape. 

Ground substance is the shapeless background against which 
eells and eollagen fibers are seen in the light mieroseope. Although 
ground substance appears shapeless, the molecules within the ground 
substance are highly structured. Proteoglyeans (prò' té-ò-gll' kanz, 
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proteo, protein + glyean , polysaeeharide) resemble the limbs of pine 
trees, with proteins forming the branehes and polysaeeharides forming 
the pine needles. This structure enables proteoglyeans to hold large 
quantities of water between the polysaeeharides. Like a water bed, tis- 
sues with large quantities of proteoglyeans return to their original shape 
after being eompressed or deformed. 

22 Explain the differenees among eonneetive tissue eells that are termed 
blast, eyte, or elast eells. 

23 What three eomponents are found in the extracellular matrix of 
eonneetive tissue? 

24 Contrast the structure and eharaeteristies of eollagen, reticular, and 
elastie fibers. 

25 What are proteoglyeans? What eharaeteristie is found in tissues with 
large quantities of proteoglyeans? 


eiass eation of eonneetive Tissue 

Connective tissue elassifieation is based on eell type and the eomposi- 
tion of the extracellular matrix. The elassifieation of eonneetive tissue 
used in this book is presented in table 4.3. 

Embryonie eonneetive Tissue 

Mesenehyme (mez'en-klm) eonsists of irregularly shaped mesenehy- 
mal eells surrounded by a semifluid extracellular matrix in which 
delieate eollagen fibers are distributed. It forms in the embryo during 
the third and fourth weeks of development from mesoderm and 
neural erest eells (see ehapter 23). Mesenehymal eells are stem eells, 
which have the ability to divide and differentiate to beeome different 
kinds of eells. By 8 weeks of development, mesenehymal eells have 
given rise to the speeialized eonneetive tissue eells that produce all of 
the eonneetive tissues seen in adults. Some mesenehymal eells remain 
within mature eonneetive tissues and are a source of new eells as part 
of tissue repair. Stimulation of these eells may someday be used to 
assist in tissue repair or to generate new tissues. 


Table 4.3 


eiassifieation of eonneetive Tíssues 



Mucous eonneetive tissue is similar to mesenehyme, but has 
more extracellular matrix that eonsists mostly of a hydrated mucoid 
material. It exists as Wartons jelly in the umbilical eord, allowing the 
eord to bend without eompressing blood vessels. Mucous eonneetive 
tissue may someday be a source of stem eells used to generate new 
tissues (see ehapter 25). 

26 What is mesenehyme? Where does it eome from and what does it 
beeome? 

Loose eonneetive Tissue 

Loose eonneetive tissue eonsists of fibers with relatively large spaees 
between the fibers that are filled with fluid or eells. The types of loose 
eonneetive tissue are areolar, adipose, and reticular tissues. Areolar 
(a-re'ò-lar, small areas) tissue is a network of eollagen and a few 
elastie and reticular fibers. The spaees between the fibers are mostly 
filled with fluid and some eells (table 4.4a). The most eommon eell 
type in areolar tissue is fibroblasts, but a few adipoeytes are present 
in most parts of the body. This tissue binds structures together yet 
allows movement to take plaee. Areolar tissue is widely distributed 
throughout the body and is the loose paeking material of the body, 
surrounding muscles, vessels, nerves, and organs. The basement 
membranes of epithelia often rest on areolar tissue. 

Adipose (ad'i-pòs, fat) tissue has a sparse network of eollagen 
and reticular fibers and very little extracellular matrix. The spaees 
between fibers are filled with large, elosely paeked adipoeytes, which 
eonstimte almost all of the tissue (table 4.4b). The adipoeytes are 
filled with lipids, which store energy. Adipose tissue under the skin 
also pads and proteets parts of the body and aets as a thermal insula- 
tor. Yellow bone marrow is adipose tissue within eavities of bones. 

Retieiilar tissue is eharaeterized by a network of reticular eells and 
fibers. Reticular eells are the fibroblasts and fibroeytes that produce and 
maintain the reticular fibers. The reticular eells eonneet to eaeh other 
and surround the reticular fibers to form a reticular network. In most 
lymphatie tissue, such as in lymph nodes and the spleen, the spaees of 
the reticular network eontain maerophages and blood eells (table 4.4c). 
In red bone marrow within eavities of bone the reticular network eon- 
tains stem eells that produce red and white blood eells. Do not eonfiise 
reticular tissue with reticular fibers, which are found in other tissues. 

27 Compare the fibers and eells in the different types of loose 
eonneetive tissue. 

28 State the functions ofthe different types of loose eonneetive tissue. 

29 What are yellow and red bone marrow? 

Dense eonneetive Tissue 

Dense eonneetive tissue eonsists of densely paeked fibers with 
relatively little spaee between the fibers. The eategories of dense 
eonneetive tissue are dense regular, dense irregular, and elastie eon- 
neetive tissue. Dense regular eonneetive tissue has many eollagen 
fibers in the extracellular matrix that are oriented predominantly in 
one direetion (table 4.5a). The eollagen fibers resist stretehing and 
give the tissue eonsiderable strength in the direetion of the fiber 
orientation. Dense regular eonneetive tissue forms structures such 
as tendons, which eonneet muscles to bones (see ehapter 9), and 
most ligaments, which eonneet bones to bones (see ehapter 7). 
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Table 4.4 


Loose Connective Tissue 


(a) Areolar Connective Tissue apr 



Nucleus 


Collagen 

fiber 

Elastie 

fiber 



Loeation: 

Around and between muscles, vessels, nerves, and 
organs; lamina propria of mucous membranes; 
submucosa of the digestive traet; subcutaneous 
tissue with little fat (e.g., eyelids, penis) 


Mucous membranes 


Respiratory 


Digestive 


Structure: 

A fine network of fibers (mostly eollagen fibers 
with a few elastie fibers) with spaees between 
the fibers; fibroblasts, maerophages, and 
lymphoeytes are loeated in the spaees 


Function: 

Loose paeking, support, and 
nourishmentforthe 
structures with which it is 
assoeiated 


(b) AdiposeTissue AP R 

Structure: 

Little extracellular matrix surrounding eells; the 
adipoeytes, or fat eells, are so full of lipid that the 
eytoplasm is pushed to the periphery of the eell 


Function: 

Paeking material, thermal insulation, energy 
storage, and proteetion of organs against 
injury from being bumped orjarred 


Loeation: 

Predominantly in subcutaneous areas, in yellow 
marrow in bones, in mesenteries, in renal pelvis, 
around kidneys, attaehed to the surface of the 
eolon, in mammary glands, in spaees and ereviees 


Adipoeytes 


Nucleus 
of adipoeyte 



Adipose 
tissue - 

Mammary 

gland 



(e) Reticular Tissue ap r 


Structure: 


Function: 


Loeation: 


Fine network of reticular fibers irregularly 
arranged 


Provides a superstructure for lymphatie tissue and red 
bone marrow 


Nucleus of 
white blood 
eell 


Reticular 

fiber 



Within the lymph nodes, spleen, and red bone 



Lymph 

node 



Spleen 
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Table 4.5 


(a) Dense Regular Connective Tissue 



Structure: Function: Loeation: 

Matrix eomposed of eollagen fibers running Able to vvithstand great pulling forees exerted in the direetion of Tendons (attaeh muscle to bone) and 

in somevvhat the same direetion fiber orientation, great tensile strength and streteh resistanee ligaments (attaeh bones to eaeh other) 



Nucleus of 
fibroblast 

Collagen_ 

fibers 



Ligament 

Tendon 



(b) Dense lrregular Connective Tissue 


Function: 


Structure: 

Matrix eomposed of eollagen fibers that run in all direetions or in 
alternating planes of fibers oriented in a somevvhat single direetion stretehing in all direetions 


Loeation: 


Tensile strength eapable of vvithstanding Sheaths; most of the dermis of the skin; organ 

capsules and septa; outer eovering of body tubes 


L 



Epidermis 


LM 100x 


Dense 

irregular 

collagenous 

eonneetive 

tissue of 

dermis 










Epidermis 


-Dermis 


-Skin 


- Adipose tissue 


-Muscle 


(e) Elastie Connective Tissue 


Structure: 

Matrix eomposed of bundles and sheets of elastie and 
eollagen fibers 


Function: Loeation: 

Capable of strength vvith stretehing Elastie arteries, voeal folds, and elastie ligaments betvveen 
and reeoil the vertebrae and along the dorsal aspeet of the neek 



Dense irregular 
elastie eonneetive 
tissue 


Elastie 

fibers 




Aorta 
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Dense irregular eonneetive tissue eontains eollagen fibers 
arranged as a meshwork of fibers oriented in different direetions and 
planes (table 4.5£). Dense irregular eonneetive tissue has strength in 
many direetions but less strength in any single direetion than does 
dense regular eonneetive tissue. It forms most of the dermis of the 
skin, which is the tough, inner portion of the skin (see ehapter 5) and 
the eonneetive tissue capsules that surround organs such as the kid- 
ney and spleen. 

Elastie eonneetive tissue has abundant elastie fibers and 
some eollagen fibers (table 4.5 e). When stretehed, the tissue ean 
shorten to its original length, much as an elastie band does. Elastie 
eonneetive tissue is found in the walls of large arteries and forms 
some elastie ligaments, such as those in the voeal folds and the 
elastie ligaments holding the vertebrae (bones of the baek) 
together. These structures ean be stretehed and then return to their 
original length. 

30 Structurally and functionally, what is the differenee between dense 
regular, dense irregular, and elastie eonneetive tissues? 

31 Give examples of the three types of dense eonneetive tissue. 




In tendons, eollagen fibers are oriented parallel to the length of the tendon. In 
the skin, eollagen fibers are oriented in many direetions. What are the functional 
advantages of the fìber arrangements in tendons and in the skin? 


eartilage 

Cartilage (kar'ti-lij, gristle) is eomposed of eartilage eells, or ehon- 
droeytes (kon'drò-sltz, eartilage eells), loeated in spaees ealled lacu- 
nae (là-koo'né, small spaees) within an extensive matrix (table 4.6^). 


Collagen in the matrix gives eartilage flexibility and strength. 
Cartilage is resilient because the proteoglyeans of the matrix trap 
water, which makes the eartilage relatively rigid and enables it to 
spring baek after being eompressed. Cartilage provides support but, 
if bent or slightly eompressed, it resumes its original shape. Cartilage 
heals slowly after an injury because blood vessels do not penetrate it. 
Thus, the eells and nutrients neeessary for tissue repair do not easily 
reaeh the damaged area. 

Hyaline (hi'à-lin, elear or glassy) eartilage (see table 4.6^), the 
most abundant type of eartilage, has many fimetions. It eovers the 
ends of bones where bones eome together to form joints. In joints, 
hyaline eartilage forms smooth, resilient surfaces that ean withstand 
repeated eompression. Hyaline eartilage also forms the eostal earti- 
lages, which attaeh the ribs to the sternum (breastbone), the eartilage 
rings of the respiratory traet, and nasal eartilages. 

Fibroeartilage (table 4.6£) has more eollagen than does hyaline 
eartilage, and bundles of eollagen fibers ean be seen in the matrix. In 
addition to withstanding eompression, it is able to resist pulling and 
tearing forees. It is found in the disks between vertebrae (bones of the 
baek) and in some joints, such as the knee and temporomandibular 
(jaw) joints. 

Elastie eartilage (table 4.6c) eontains elastie fibers in addition 
to eollagen and proteoglyeans. The elastie fibers appear as eoiled 
fibers among bundles of eollagen fibers. Elastie eartilage is able to 
reeoil to its original shape when bent. The external ear, epiglottis, and 
auditory tube eontain elastie eartilage. 

32 Deseribe the eells and matrix of eartilage. What are lacunae? Why 
does eartilage heal slowly? 

33 How do hyaline eartilage, fibroeartilage, and elastie eartilage differ in 
structure and function? Give an example of eaeh. 


Table 4.6 


eonneetive Tissue: eartilage 


(a) Hyaline Cartilage A p R 


Structure: 

Collagen fibers are small and evenly dispersed in the 
matrix, making the matrix appear transparent; the 
eartilage eells, or ehondroeytes, are found in spaees, 
or lacunae, within the firm but flexible matrix 


Function: 

Allows the growth of long bones; provides rigidity with 
some flexibility in the traehea, bronehi, ribs, and nose; 
forms rugged, smooth, yet somewhat flexible 
articulating surfaces; forms the embryonie skeleton 


Loeation: 

Growing long bones, eartilage rings of the 
respiratory system, eostal eartilage of ribs, 
nasal eartilages, articulating surface of 
bones, embryonie skeleton 



Chondrocyte 
in a lacuna 

Nucleus 

Matrix 




Bone 

Hyaline 

eartilage 



















92 


ehapter 4 


Table 4.6 


eonneetive Tissue: eartilage—Continued 


(b) Fibroeartilage ap r 


Structure: 

Collagen fibers similar to those in hyaline eartilage; 
the fibers are more numerous than in other 
eartilages and are arranged in thiek bundles 


Function: 

Somewhat fìexible and eapable of withstanding 
eonsiderable pressure; eonneets structures 
subjected to great pressure 


Loeation: 

Intervertebral disks, symphysis pubis, articular 
disks (e.g., knee and temporomandibular joints) 



Chondrocyte 
in lacuna 

Nucleus 


Oollagen fibers 
in matrix 



(e) Elastie Cartilage ap r 


Structure: 

Similarto hyaline eartilage, but 
matrix also eontains elastie fibers 


Function: Loeation: 

Provides rigidity with even more fìexibility than hyaline eartilage External ears, epiglottis, auditory tubes 

because elastie fibers return to their original shape after being stretehed 


Elastie fibers 
in matrix 


Chondrocytes 
in lacunae 


Nucleus 
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Prediet 



One of several ehanges caused by rheumatoid arthritis in joints is the replaee- 
ment of hyaline eartilage with dense irregular eonneetive tissue. Prediet the 
effeet of replaeing hyaline eartilage with fibrous eonneetive tissue. 


Compact and spongy bone are eonsidered in greater detail in 
ehapter 6. 

34 Deseribe the eells and matrix of bone. Differentiate between eompaet 
and spongy bone. 


Bone 

Bone is a hard eonneetive tissue that eonsists of living eells and a 
mineralized matrix (table 4.7). Bone eells, or osteoeytes ( osteo, 
bone), are loeated within spaees in the matrix ealled lacunae. The 
strength and rigidity of the mineralized matrix enable bones to sup- 
port and proteet other tissues and organs of the body. Compact 
bone has more bone matrix than spaees. The bone matrix is orga- 
nized into many thin layers of bone ealled lamellae (là-meré, sing. 
là-mel'à). Spongy bone has spaees between trabeculae (trà-bek'u-lé, 
beams), or plates, of bone and therefore resembles a sponge. 


Blood 

Blood is unique because blood eells are suspended in a fluid matrix 
ealled plasma (table 4.8). The fluid matrix enables blood to flow 
rapidly through the blood vessels of the body, earrying blood eells, 
food, oxygen, waste products, and other materials. Blood is discussed 
more fully in ehapter 16. 

35 In what way is blood a unique eonneetive tissue? What is the function 
of blooeH 
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Table 4.7 


Connective Tissue: Bone 






Structure: 

Hard, bony matrix predominates; spaees in the matrix eontain 
osteoeytes (not seen in this bone preparation); eompaet bone has 
more matrix than spaees and the matrix is organized into layers 
ealled lamellae; spongy bone has more spaee than matrix 


Function: 

Provides great strength and support and proteets internal 
organs; provides attaehment site for muscles and ligaments; 
joints allovv movements 


Loeation 
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Table 4.8 


eonneetive Tissue: Blood 


Structure: 

Blood eells and a fluid 
matrix ealled plasma 


Function: 

Transports oxygen, earbon dioxide, hormones, nutrients, 
vvaste products, and other substances; proteets the body 
from infeetions and is involved in temperature regulation 


Loeation: 

Within blood vessels and heart; produced by the hemopoietie 
tissues (red bone marrovv); vvhite blood eells frequently leave the 
blood vessels and enter the interstitial spaees 




Plasma 




V 



4.5 Muscle Tissue 

The main eharaeteristie of muscle tissue is its ability to eontraet, or 
shorten, making movement possible. Miisele eontraetion results from 
eontraetile proteins loeated within the muscle eells (see ehapter 8). The 
length of muscle eells is greater than the diameter. Muscle eells are some- 
times ealled muscle fibers because they often resemble tiny threads. 

The three types of muscle tissue are skeletal, eardiae, and smooth 
muscle. Skeletal muscle is what normally is thought of as a muscle” 
(table 4.9^). It is the meat of animals and eonstimtes about 40% of 
a person’s body weight. As the name implies, skeletal muscle attaehes 


to the skeleton and enables body movement. Skeletal muscle is 
deseribed as being under voluntary (conscious) eontrol because one 
ean purposefully cause skeletal muscle eontraetion to aehieve speeifie 
body movements. However, the nervous system ean cause skeletal 
muscles to eontraet without conscious involvement, such as during 
reflex movements and maintenanee of muscle tone. Skeletal muscle 
eells tend to be long, eylindrieal eells with several nuclei per eell. The 
nuclei of these eells are loeated near the periphery of the eell. Some 
skeletal muscle eells extend the length of an entire muscle. Skeletal 
muscle eells are striated (strTàt-ed), or banded, because of the 
arrangement of eontraetile proteins within the eells (see ehapter 8). 









































































94 


ehapter 4 


Table 4.9 


(a) Skeletal Muscle 



Structure: 

Skeletal muscle eells or fibers appear striated 
(banded); eells are large, long, and eylindrieal, 
with many nuclei loeated at the periphery 


Function: 

Moves the body; is under 
voluntary (conscious) eontrol 


Loeation: 

Attaehed to bone or other 
eonneetive tissue 


Muscle 



Nucleus (near periphery 



Skeletal 

muscle 

fiber 


Striations 



(b) Cardiac Muscle 

Structure: Function: Loeation: 

Cardiac muscle eells are eylindrieal and striated Pumps the blood; is under involuntary In the heart 

and have a single, eentrally loeated nucleus; they (unconscious) eontrol 
are branehed and eonneeted to one another by 
interealated disks, which eontain gap junctions 




Nucleus (eentral) 


Cardiac 
muscle eell 


interealated disks 
(speeial junctions 
between eells) 




Striations 
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Table 4.9 


Muscle Tissue—Continued 


(c) Smooth Muscle 


Structure: 

Smooth muscle eells are tapered at 
eaeh end, are not striated, and have 
a single nucleus 


Function: 

Regulates the size of organs, forees fluid 
through tubes, eontrols the amount of 
light entering the eye, and produces 
"goose flesh"in the skin; is under 
involuntary (unconscious) eontrol 


Loeation: 

In hollovv organs, such as the 
stomaeh and small and large 
intestines 


Wall of stomaeh 


Wall of eolon 


Wall of small 
intestine 
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Cardiac muscle is the muscle of the heart; it is responsible for 
pumping blood (table 4.9 b). It is under involuntary (unconscious) 
eontrol, although one ean learn to influence the heart rate by using 
techniques such as meditation and biofeedbaek. Cardiac muscle eells 
are eylindrieal in shape but much shorter in length than skeletal 
muscle eells. Cardiac muscle eells are striated and usually have one 
nucleus per eell. They often are branehed and eonneeted to one 
another by interealated (in-ter'kà-là-ted, inserted between) disks. 
The interealated disks, which eontain speeialized gap junctions, are 
important in eoordinating the eontraetions of the eardiae muscle 
eells (see ehapter 12). 

Smooth muscle forms the walls of hollow organs (except the 
heart) and also is found in the skin and the eyes (table 4.9 e). It is respon- 
sible for a number of fìanetions, such as movement of food through the 
digestive traet and emptying of the urinary bladder. Like eardiae mus- 
ele, smooth muscle is eontrolled involuntarily. Smooth muscle eells are 
tapered at eaeh end, have a single nucleus, and are not striated. 

36 Functionally, vvhat is unique about muscle tissue? 

37 Compare the structure of skeletal, eardiae, and smooth muscle eells. 

38 Which of the muscle types is under voluntary eontrol? 

39 What tasks does eaeh muscle type perform? 

4.6 Nervous Tissue 

Nervous tissue forms the brain, spinal eord, and nerves. It is 
responsible for eoordinating and eontrolling many bodily aetivities. 


For example, the conscious eontrol of skeletal muscles and the 
unconscious regulation of eardiae muscle are aeeomplished by ner- 
vous tissue. Awareness of ourselves and the external environment, 
emotions, reasoning skills, and memory are other fìanetions per- 
formed by nervous tissue. Many of these fìmetions depend on the 
ability of nervous tissue eells to communicate with one another and 
with the eells of other tissues by eleetrie signals ealled aetion 
potentials. 

Nervous tissue eonsists of neurons and support eells. The 
neuron (noor'on), or nerve eell, is responsible for the conduc- 
tion of aetion potentials. It is eomposed of three parts (table 
4.10). The eell body eontains the nucleus and is the site of 
general eell fìanetions. Dendrites (den'dritz, relating to a tree) 
and axons (ak'sonz) are neuron proeesses (extensions). Dendrites 
usually reeeive stimuli that lead to eleetrie ehanges that either 
inerease or deerease aetion potentials in the neuron’s axon. There 
is usually one axon per neuron. Aetion potentials usually origi- 
nate at the base of an axon where it joins the eell body and travel 
to the end of the axon. Neuroglia (noo-rog'lé-à, glia, glue) are 
the support eells of the nervous system; they nourish, proteet, and 
insulate the neurons. Nervous tissue is eonsidered in greater detail 
in ehapter 10. 

40 What are aetion potentials? 

41 Define and list the fiinetions of the eell body, dendrites, and axons of 
a neuron. 

42 What is the general function of neuroglia? 
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ehapter 4 


Table 4.10 


Neiirons and Neuroglia eh 




\ 


Structure: 

The neuron eonsists of dendrites, 
a eell body, and a long axon; 
neuroglia, or support eells, 
surround the neurons 


Function: 

Neurons transmit information in the form of aetion 
potentials, store"information,"and integrate and 
evaluate data; neuroglia support, proteet, and 
form speeialized sheaths around axons 


Loeation: 

In the brain, spinal 

eord, ganglia 



Dendrite 


Cell body 
of neuron 


Nucleus 
of neuron 


Nuclei of 
neuroglia eells 

Neuroglia eells 


Axon 
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4.7 Membranes 

A membrane is a thin sheet or layer of tissue that eovers a structure 
or lines a eavity. Most membranes are formed from epithelium and 
the eonneetive tissue on which it rests. The skin, or cutaneous mem- 
brane, (see ehapter 5) is the external membrane. The three major 
eategories of internal membranes are mucous membranes, serous 
membranes, and synovial membranes. 

Mucous (mu'kus) membranes eonsist of various kinds of 
epithelium resting on a thiek layer of areolar tissue. They line eavities 
that open to the outside of the body, such as the digestive, respira- 
tory, urinary, and reproductive traets (figure 4.5). Many mucous 
membranes have goblet eells or mucous glands, which seerete a vis- 
cous mucus. The fimetions of mucous membranes vary, depending 
on their loeation, and include proteetion, absorption, and seeretion. 

A serous (sér'irs, produces watery seeretion) membrane eonsists 
of simple squamous epithelium resting on a delieate layer of areolar 
tissue. Serous membranes line the pleural, peritoneal, and perieardial 
eavities within the trunk (see ehapter 1 and figure 4.5). Although 
serous membranes do not eontain glands, the epithelium of the 
serous membranes produce a watery serous fluid, which lubricates 
the surfaces of serous membranes, making them slippery. Serous 
membranes proteet the internal organs from frietion and help hold 
them in plaee. 

A synovial (si-nò'vé-àl) membrane eonsists of modified eonnee- 
tive tissue eells, either intermixed with part of the dense eonneetive 
tissue of the joint capsule or separated from the capsule by areolar or 
adipose tissue. Synovial membranes line freely movable joints (see 


ehapter 7). They produce synovial fluid, which lubricates the joint 
for smooth joint movement. 

43 Compare mucous, serous, and synovial membranes aeeording to the 
types of eavities they line and their seeretions. 

4.8 inflammation 

The inflammatory response, or inflammation ( flamma, flame) is a 
complex proeess involving eells and ehemieals that occurs in response 
to tissue damage caused by physieal, ehemieal, or biologieal agents. 
For example, a splinter in the skin or an infeetion ean stimulate an 
inflammatory response (figure 4.6). Chemical mediators are ehemi- 
eals, released or aetivated in injured or infeeted tissues, that promote 
inflammation. The mediators include histamine (his'tà-mén), 
kinins (kl'ninz, to move), prostaglandins (pros-tà-glan'dinz), leu- 
kotrienes (lu-kò-tri'énz), and others. 

Inflammation mobilizes the bodys defenses and isolates and 
destroys mieroorganisms, foreign materials, and damaged eells so that 
tissue repair ean proeeed. Inflammation causes: redness, heat, swelling, 
pain, and disturbance of flmetion. Although unpleasant, the proeesses 
producing these eharaeteristies of inflammation are usually benefieial. 
Redness and heat, similar to what occurs when a person blushes, result 
from the dilation of blood vessels induced by some mediators of inflam- 
mation. Dilation of blood vessels is benefieial because it inereases the 
speed with which blood eells and other substances important for fight- 
ing infeetions and repairing the injury are brought to the injury site. 
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(a) Mucous membranes 


Respiratory 


Digestive 


(b) Serous membranes 


Peritoneal 


(c) Synovial membrane 


j 





Figlire 4.5 Membranes 

( a ) Mucous membranes line eavities that open to the outside and often eontain 
mucous glands, which seerete mucus. (ò) Serous membranes line eavities that 
do not open to the exterior and do not eontain glands but do seerete serous 
fluid. (e) Synovial membranes line eavities that surround synovial joints. 


Disturbance of function is caused by pain, limitation of move- 
ment resulting from edema, and tissue destruction. Disturbance of 
function ean be adaptive because it warns the person to proteet the 
injured area from further damage. 

Reducing inflammation 

Sometimes the inflammatory response lasts longer or is more 
intense than is desirable, and drugs are used to suppress the inflam- 
mation by inhibiting the synthesis, release, or aetions of the media- 
tors of inflammation. For example, the effeets of histamine released 
in people with hay fever are suppressed by antihistamines. Aspirin 
and related drugs, such as ibuprofen and naproxen, are effeetive 
anti-inflammatory agents that relieve pain by preventing the synthe- 
sis of prostaglandins and related substances. 


Chronic inflammation, or prolonged inflammation, results when 
the agent responsible for an injury is not removed or something else 
interferes with the proeess of healing. infeetions of the lungs or kid- 
neys usually result in a brief period of inflammation followed by 
repair. However, prolonged infeetions, or prolonged exposure to irri- 
tants, ean result in ehronie inflammation. Chronic inflammation 
caused by irritants, such as siliea in the lungs, or abnormal immune 
responses ean result in the replaeement of normal tissue with fibrous 
eonneetive tissue. Chronic inflammation of the stomaeh or small 
intestine may result in ulcers. The loss of normal tissue leads to the 
loss of normal organ flmetions. Consequently, ehronie inflammation 
of organs such as the lungs, liver, or kidneys ean lead to death. 

44 What is the function of the inflammatory response? 

45 Name five manifestations of the inflammatory response, and explain 
how eaeh is produced. 

46 What is ehronie inflammation? Why is it bad? 


Prediet 



ln some injuries, tissues are so severely damaged that areas exist where eells 
are killed and blood vessels are destroyed. For injuries such as these, where do 
redness, heat, edema, and pain occur? 


Swelling, or edema (e-dé'mà), is induced by ehemieal mediators 
that inerease the permeability of blood vessels, allowing materials and 
blood eells to move out of the vessels and into the tissue, where they 
ean deal direetly with the injury. As proteins and other substances 
enter the tissues, water follows by osmosis, causing edema. 
Neutrophils (noo'trò-filz), a type of white blood eell, and maero- 
phages are phagoeytie eells that move to sites of infeetion, where they 
ingest baeteria and tissue debris. 

Pain assoeiated with inflammation is produced in several ways. 
Neuron endings are stimulated by direet damage and by some 
ehemieal mediators to produce pain sensations. In addition, the 
inereased pressure in the tissue caused by edema and the accumula- 
tion of pus ean cause pain. 


4.9 Tissiie Renewal and Repair 

Tissue Renevval 

Tissue renewal is the replaeement of the dead eells and extracellular 
matrix of a tissue with new tissue of the same type. Cell death ean 
result from damage, such as a burn, or from programmed eell 
death, a proeess by which eells kill themselves in a eontrolled way. 
The best understood form of programmed eell death is apoptosis 
(ap'op-tò'sis, a falling off, as leaves from a tree), in which the nuclear 
ehromatin fragments, the nuclear envelope breaks open, the eytoskel- 
eton eollapses, the eells shrink, and the plasma membrane expresses 
markers that stimulate maerophages to engulf the dying eells before 
they burst open. 
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1. A splinter in the skin causes damage and 
introdiiees baeteria. Mediators of inflammation 
are released or aetivated in injured tissues and 
adjaeent blood vessels. Some blood vessels are 
ruptured, causing bleeding. 


2. Mediators of inflammation cause blood vessels 
to dilate, causing the skin to beeome red. 
Mediators of inflammation also inerease blood 
vessel permeability, and fluid leaves the blood 
vessels, producing swelling ( arrows ). 



Epidermis 


Dermis 


Blood 

vessel 


3. White blood eells (e.g., neutrophils and 
maerophages) leave the dilated blood vessels 
and move to the site of baeterial infeetion, where 
they begin to phagoeytize baeteria and other 
debris. 


Baeteria 

proliferating 



Maerophage 
migrating 
through blood 
vessel wall 


Neutrophil 

phagoeytizing 

baeteria 


Neutrophil 
migrating through 
blood vessel wall 


Proeess Figure 4.6 inflammation 


Programmed eell death serves many purposes. When a eell is 
damaged and eannot repair itself, it eommits suicide through apop- 
tosis and is removed by maerophages. Many tissues are maintained 
in a healthy state because the rate of eell death is matehed by the rate 
of new eell production. Programmed eell death also aets as a quality- 
eontrol meehanism, removing abnormal eells. Examples include 
some preeaneer eells and developing white blood eells that are inea- 
pable of an immune response or would cause destruction of normal 
tissues (see “Origin and Development of Lymphoeytes” in ehapter 
19). Many eells are not destined to last the life of the individual and 
are programmed to die. Epithelial eells in the skin die and form a 
proteetive outer layer of dead eells (see “Epidermis” in ehapter 5). 


New eells ean be derived from mature eells and stem eells. 
Mature eells are differentiated, speeialized eells that perform tissue- 
speeifie fimetions, such as producing seeretions, eontraeting, or gen- 
erating aetion potentials. Some mature eells ean divide by mitosis, 
producing new mature eells. Stem eells are unspecialized eells that 
ean divide and produce offspring that give rise to mature eells. An 
important property of stem eells is their ability to divide and renew 
themselves for long periods, providing a source of eells as needed. 
Stem eells are unspecialized in the sense that they do not perform the 
tissue-specific fimetions of the mature eells to which they give rise. 

Two types of stem eells are embryonie stem eells and adult stem 
eells. Embryonie stem eells are produced 4—5 days after fertilization 
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(see ehapter 25). Embryonie stem eells are pluripotent (ploo-rip'ò- 
tent, more powered), meaning they have the ability to develop into 
any of the eells of the body. Adult stem eells are formed later in 
development and have less ability to differentiate than do embryonie 
stem eells. The term adult means that the eells are found in adults, but 
they are not restrieted to adults. Adult stem eells are present before 
birth and persist throughout life. Some adult stem eells are multipo- 
tent and ean give rise to two or more eell lines, whereas others are 
unipotent and give rise to only one type of mature eell. For example, 
stem eells in red bone marrow give rise to red blood eells, five types of 
white blood eells, and a platelet-producing eell; whereas stem eells in 
the epidermis of the skin give rise to one type of epithelial eell. 

Development ean be thought of as a road system eonsisting of 
forks that split and go in two different direetions. Eaeh fork represents 
a eell division, and eaeh direetion represents a different developmental 
path. As eells pass along the developmental paths, they beeome more 
speeialized. After passing through a series of forks, most eells reaeh the 
end of a path and beeome fully differentiated mature eells, such as 
liver eells, skeletal muscle eells, and neurons. Embryonie stem eells are 
at the beginning of the road system and their offspring ean follow any 
path to beeome any eell in the body. Further along the road, eells are 
more speeialized and the paths they ean follow are more limited. 

Adult stem eells remain at a fork in the road, where they are a 
source of new eells for tissue growth, renewal, and repair. Extremely 
low numbers of adult stem eells reside among mature eells in areas 
ealled stem eell niehes. Adult stem eells have been identified in the 
four primary tissue types and in many organs. Examples include 
bone marrow, blood, adipose tissue, bone, eartilage, smooth muscle, 
blood vessels, heart, skeletal muscle, brain, skin, teeth, gut, liver, 
lungs, ovaries, and testes. 

When a stem eell divides, one daughter eell usually remains a 
stem eell, which maintains the stem eell population, and the other 
daughter eell differentiates, giving rise to mature eells. Stem eells do 
not divide frequently, yet they ean be a source of many mature eells 
because the differentiating daughter eell is a transit amplifying eell. 
A transit amplifying eell is so ealled because it is ehanging (transit) 
from a stem eell into a mature eell and it is inereasing (amplifying) 
the number of mature eells because it divides, and its offspring 
divide, and so on. Stem eell division ean also result in daughter eells 
that both remain stem eells, which inereases stem eell numbers dur- 
ing growth and tissue repair. 

47 Define tissue renevval. 

48 What is the role of programmed eell death in tissue renewal? 

Deseribe other functions of programmed eell death. 

49 Name the sources of new eells in tissue renewal. 

50 What are embryonie and adult stem eells? What are their similarities 
and differenees? 

51 What is a stem eell niehe and a transit amplifying eell? 

Tissue Repair 

Tissue repair is the restoration of damaged tissue by tissue renewal 
and/or the replaeement of tissue with sear tissue. Tissue renewal 
restores damaged tissue to its original state by replaeing lost eells with 
eells of the same type. Fibrosis is the formation of sear tissue in 
response to tissue damage. Fibroblasts produce sear tissue, which is 


eomposed primarily of eollagen fibers. The sear holds tissue together, 
but does not restore tissue fimetion. 

How tissues repair depends upon the severity of an injury and the 
types of eells damaged. Generally, the more severe the tissue damage, 
the greater the likelihood that repair involves fibrosis. Cell type deter- 
mines the likelihood of tissue renewal. Some mature eells do not divide 
and others divide infrequently or in response to injury. Stem eells may 
be quiescent until a tissue is injured or may be aetive throughout life. 
Adding to the complexity of stem eells and tissue repair, red bone mar- 
row and other tissues release stem eells that circulate in the blood and 
enter tissues and give rise to differentiated eells. A few examples will 
illustrate different ways in which tissues repair. 

Neurons do not have the ability to divide after they reaeh matu- 
rity. Thus, damage to the nervous system that causes neuron death 
results in eorresponding loss of fimetion. Neural stem eells that give 
rise to neurons and glial eells are known to exist in a few loeations in 
the brain, and there is great interest in learning more about these 
eells and how they might be used to treat damaged nervous tissue. 

Skeletal muscle eells are multinucleated eells formed by the 
fusion of many eells into one (see “Skeletal Muscle” in ehapter 25). 
Mature skeletal muscle eells do not divide after they have formed. 
Skeletal muscle tissue has stem eells, ealled satellite eells, loeated 
around the skeletal muscle eells. When skeletal muscle eells are dam- 
aged, the satellite eells divide and fuse with the damaged skeletal 
muscle eells, helping them to repair, or fuse with eaeh other to form 
new skeletal muscle eells. The ability of satellite eells to repair or grow 
new muscle tissue, however, is limited. 

Liver eells are an example of mature eells that ean divide, but do 
so infrequently. Mature liver eells live for a year or more in the adult 
liver. When a liver eell dies, it is replaeed by the replieation of 
another mature liver eell. If the liver is damaged, however, the rate of 
eell division dramatieally inereases. The liver also has stem eells that 
are aetivated in response to extensive injury. When part of a liver is 
removed for a partial liver transplant, the donor’s liver will return to 
nearly normal size in approximately two months. 

Epithelial tissue continually renews and grows throughout life. 
Examples include the replaeement of epithelial eells in skin, glands, 
and mucous membranes and the growth of hair, nails, and the lining 
of blood vessels. A plentifiil supply of new eells is provided by stem 
eells and a transit amplifying system. When epithelial tissue is dam- 
aged, there is a temporary inerease in the number of eells produced 
until the tissue is repaired. 

Connective tissue has the most versatile, multipotent stem eells, 
which ean give rise to many different mature eonneetive tissue eells. 
The basie stem eell of eonneetive tissue is the fibroblast, of which 
there are many different kinds (the exact number is not known) with 
differing abilities to differentiate. “Immamre” fibroblasts, often 
ealled mesenehymal stem eells, have the greatest ability for transfor- 
mation and ean give rise to fibroblasts, osteoblasts, ehondroblasts, 
adipoeytes, and smooth muscle eells. Stem eells in red bone marrow 
that give rise to blood eells and platelet-producing eells ean be 
thought of as a type of fibroblast. 

52 Define tissue repair and fibrosis. 

53 Deseribe tissue repair in nervous tissue, skeletal muscle, the liver, 
epithelial tissue, and eonneetive tissue. 
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Epidermis — 

Blood 

vessel 

Dermis 

Subcutaneous 

fat 


New epidermis 
growing into wound 



Neutrophils 
migrating to 
wound site 


Fibroblasts migrating 
to wound site 


1. A fresh wound cuts through the epithelium (epidermis) 
and underlying eonneetive tissue (dermis), and a elot 
forms. 


2. Approximately 1 week after the injury, a seab is present, 
and epithelium (new epidermis) is growing into the wound. 


New Seab 
epidermis 



(fibroblasts proliferating) 


Freshly healed 
epidermis 


Epidermis 


Subcutaneous 

fat 



Granulation tissue 
being replaeed 
with dermis 


3. Approximately 2 weeks after the injury, the epithelium 
has grown eompletely into the wound, and granulation 
tissue has formed. 


4 . Approximately 1 month after the injury, the wound has 
eompletely elosed, the seab has been sloughed, and the 
granulation tissue is being replaeed with dermis. 


Proeess Figure 4.7 Tissue Repair 


Skin Repair 

Repair of the skin will be used as an example of tissue repair, 
beginning with injury of the skin and ending with healed skin 
(figure 4.7). When the edges of a skin wound are elose together, 
the wound fills with blood, and a elot forms (see ehapter 16). The 
elot eontains a threadlike protein, fibrin, which binds the edges of 
the wound together and stops the bleeding. The surface of the elot 
dries to form a seab, which seals the wound and helps prevent 
infeetion. 


An inflammatory response is aetivated to fight infectious agents in 
the wound and to help the repair proeess. Dilation of blood vessels 
brings blood eells and other substances to the injury area, and inereased 
blood vessel permeability allows them to enter the tissue. Neutrophils 
help fight infeetions by phagoeytizing baeteria (see figure 4.6). Pus 
(piis) is an accumulation of dead neutrophils, other eells, and fluid. 

At the edges of the wound, stem eells inerease in number and the 
production of epithelial eells inereases. The new epithelium migrates 
under the seab while the inflammatory response proeeeds. Eventually, 
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Relevanee 


eaneer Tissue 


Cancer (kan'ser) is a malignant, 
spreading tumor, as well as the illness that 
results from it. A tiimor (too'mòr) is any 
swelling, although modern usage has lim- 
ited the term to swellings that involve neo- 
plastie tissue. Neoplasm (né'ò-plazm) 
means new growth and refers to abnormal 
tissue growth, resulting in rapid cellular 
proliferation, which continues after the 
growth of normal tissue has stopped or 
slowed eonsiderably. Oneology (ong- 
kol'ò-jé) is the study of tumors and the 
problems they cause. A neoplasm ean be 
either benign (bé-nìn', L. kind), not inelined 
to spread and not likely to beeome worse, 
or malignant (ma-lig'nànt, with maliee or 
intent to cause harm), able to spread and 
beeome worse. Although benign tumors 
are usually less dangerous than malignant 
tumors, they ean cause problems. As a 
benign tumor enlarges, it ean eompress 
surrounding tissues and impair their func- 
tions. In some eases, such as in some benign 
brain tumors, the result ean be death. 

Cells of malignant neoplasms, or eaneer 
eells, differ from eells of normal tissues in sev- 
eral ways; the greater the degree to which 
they differ, the more dangerous they are. 
Cancer eells are more spherieal because they 
do not adhere tightly to surrounding normal 
eells. They appear to be more embryonie, or 
less mature, than the normal tissue from 
which they arise. For example, a skin eaneer 
eell is more spherieal and softer than the 
stratified squamous epithelial eells of the skin. 
Cancer eells are also invasive.That is, they have 
the ability to squeeze into spaees and enter 
surrounding tissues. They seerete enzymes 


that cut paths through healthy tissue, so they 
are able to grow irregularly, sending pro- 
eesses in all direetions. Cancer eells ean dis- 
lodge; enter blood vessels, lymphatie vessels, 
or body eavities; and travel to distant sites, 
where they attaeh and invade tissues. The 
proeess by which eaneer spreads to distant 
sites is ealled metastasis (me-tas'ta-sis). Can- 
eer eells seerete substances that cause blood 
vessels to grow into the tumor and supply 
oxygen and nutrients. Cancer eells also pro- 
duce a number of substances that ean be 
found on their plasma membranes or are 
seereted. For example, prostate-speeifìe anti- 
gen (PSA) is an enzyme, produced by pros- 
tate gland eells, that is involved with the 
liquefaction of semen. Normal blood levels of 
PSA are low. Prostate eaneer eells seerete PSA 
in inereasing amounts, and these proteins are 
released into the blood.Therefore, blood lev- 
els of PSA ean be monitored to determine if a 
person is likely to have prostate eaneer. 

There are many types of eaneer and 
speeial terms to name them. For example, 


eareinoma (kar-si-nó'ma) is 


eaneer 


derived from epithelial tissue. Basal eell 
and squamous eell eareìnomas are types 
of skin eaneer derived from epithelial tissue. 
Adenoeareìnomas (ad'è-nò-kar-si-nò'maz) 
are derived from glandular epithelium. 
Most breast eaneers are adenoeareinomas. 
A sareoma (sar-kó'mà) is eaneer derived 
from eonneetive tissue. For example, an 
osteosareoma (os'té-ò-sar-kò'mà) is eaneer 
of bone and a ehondrosareoma (kon'drò- 
sar-kó'mà) is eaneer of eartilage. 

Cancer therapy eoneentrates primarily 
on trying to eonfine and then kill the malig- 


nant eells.This goal is aeeomplished currently 
by killing the tissue with x-rays or lasers, by 
removing the tumor surgically, or by treating 
the patient with drugs that kill rapidly divid- 
ing eells or reduce the blood supply to the 
tumor.The major problem with current ther- 
apy is that some eaneers eannot be removed 
eompletely by surgery or killed eompletely 
by x-rays or laser therapy. These treatments 
ean also kill normal tissue adjaeent to the 
tumor. Manydrugs used in eaneertherapy kill 
not only eaneer tissue but also other rapidly 
growing tissues, such as bone marrow, where 
new blood eells are produced, and the lining 
of the intestinal traet. Loss of these tissues 
ean result in anemia, caused by the laek of red 
blood eells, and nausea, caused by the loss of 
the intestinal lining. 

A newer elass of drugs eliminates these 
unwanted side effeets. These drugs prevent 
blood vessel development, thus depriving 
the eaneer tissue of a blood supply, rather 
than attaeking dividing eells. Other normal 
tissues, in which eells divide rapidly, have 
well-established blood vessels and are 
therefore not affeeted by these drugs. 

Promising antieaneer therapies are also 
being developed in which the eells respon- 
sible for immune responses ean be stimu- 
lated to reeognize tumor eells and destroy 
them. A major advantage in such antieaneer 
treatments is that the eells of the immune 
system ean speeifìeally attaek the tumor eells 
and not other, healthy tissues. 
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the epithelial eells from the edges meet, and the epitheliiim is restored. 
After the epithelitim is repaired, the seab is sloughed off (shed). 

Maerophages migrate to the injured tissue and remove dead neu- 
trophils, cellular debris, and the deeomposing elot. Stem eells give rise 
to fibroblasts that produce eollagen and other extracellular matrix 
eomponents. Stem eells in blood vessels at the edges of the wound 
give rise to new blood vessels that grow into the damaged area. The 
result is the replaeement of the elot by a delieate, grainy-appearing 
eonneetive tissue ealled granulation tissue, which eonsists of fibro- 
blasts, eollagen, and blood vessels. Eventually, normal eonneetive tis- 
sue replaees the granulation tissue. Sometimes a large amount of 
granulation tissue persists as a sear, which at first is bright red because 


of the vascularization of the tissue. The sear turns from red to white 
as eollagen accumulates and the blood vessels deerease in number. 

When the wound edges are far apart, the elot may not eom- 
pletely elose the gap, and it takes much longer for the epithelial 
eells to regenerate and eover the wound. With inereased tissue 
damage, the degree of the inflammatory response is greater, there 
is more eell debris for the phagoeytes to remove, and the risk of 
infeetion is greater. Much more granulation tissue forms, and 
wound contracture, a result of the eontraetion of fibroblasts in the 
granulation tissue, pulls the edges of the wound eloser together. 
Although wound contracture reduces the size of the wound and 
speeds healing, it ean lead to disfiguring and debilitating sears. 
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54 Deseribe the proeess of wound repair in the skin. 

55 What are pus and granulation tissue? How does granulation tissue 
contribute to sears and wound eontraetion? 




Explain why it is advisable to suture large wounds. 


4.10 Tissues and Aging 

In general, eells divide more slowly and have deereased functional 
ability with age. The rate of red blood eell synthesis deelines in the 
elderly. Injuries in the very young heal more rapidly and more eom- 
pletely than in older people, in part, because of the more rapid eell 
division. For example, a fracture in the femur of an infant is likely to 
heal quickly and eventually leave no evidenee of the fracture in the 
bone. There is also a deerease in the number of neurons and muscle 
eells, which affeets the functional eapaeity of the nervous and mus- 
cular systems. 

The consequences of ehanges in the extracellular matrix are 
important. Collagen fibers beeome more irregular in structure, even 
though they may inerease in number. As a consequence, eonneetive 
tissues with abundant eollagen, such as tendons and ligaments, 
beeome less flexible and more fragile. Elastie fibers fragment and 
beeome less elastie. Reduced flexibility and elastieity of eonneetive 
tissue is responsible for inereased wrinkling of the skin, an inereased 
tendeney for bones to break, and inereased rigidity of arterial walls, 


which results in reduced blood supply to tissues and inereased sus- 
eeptibility to bloekage and rupture of arteries. 

Organs eonsist of tissues, and healthy, fimetioning organs main- 
tain homeostasis and life. Organ reserve is the ability of an organ to 
return to homeostasis after an external or internal ehange causes 
movement away from homeostasis. It is estimated that organ reserve 
in healthy young adults is 7 to 11 times greater than the average 
demand, but is reduced to 50% of its original eapaeity by age 85. The 
ability to respond to external and internal stresses deereases as organ 
reserve deereases, which may explain some of the fimetional deterio- 
ration that occurs with age. When the demands on an organ exceed 
organ reserve, homeostasis is dismpted, which ean cause organ dys- 
fiinetion, organ failure, and even death. 

The effeets of life style and disease ean aeeelerate the deerease 
in organ reserve. For example, eigarette smoking deereases pulmo- 
nary organ reserve and eoronary artery disease deereases eardiae 
reserve. Should a blood elot bloek a large eoronary artery, produc- 
ing a heart attaek, organ reserve could dramatieally deerease and 
cause death. On the other hand, a healthy life style of proper nutri- 
tion and exercise, along with effeetive prevention and treatment of 
diseases, ean help maintain organ reserve, but eannot prevent the 
age-related deerease in organ reserve. The result is a higher quality 
and duration of life. 

56 What happens to the rate of eell division, eell functional ability, and 
number of eertain eells with age? 

57 Deseribe the consequences of ehanges in the extracellular matrix. 

58 How is organ reserve affeeted by aging, life style, and disease? 


Summary 


4.1 Tissues and Histology <p. 78 ) 

1. A tissue is a group of similar eells and the extracellular matrix 
surrounding them. 

2. Histology is the study of tissues. 

3. The four primary tissue types are epithelial, eonneetive, muscle, and 
nervous tissue. 

4.2 Germ Layers (p. 78 ) 

The primary tissue types are derived from the embryonie germ layers 
(endoderm, mesoderm, and eetoderm). 

4.3 Epithelial Tissue <p. 78 ) 

1. Epithelial tissue eovers surfaces, has little extracellular material, usually 
has a basement membrane, and has no blood vessels. 

2. Epithelial eells have a free surface, or apieal surface (not attaehed to 
other eells), a lateral surface (attaehed to other eells), and a basal surface 
(attaehed to the basement membrane). 

Functions of Epithelia 

General fimetions of epithelia include proteeting underlying structures, 
aeting as a barrier, permitting the passage of substances, seereting 
substances, and absorbing substances. 


eiassifieation of Epithelia 

1. Epithelia are elassified aeeording to the number of eell layers and the 
shapes of the eells. 

2. Simple epithelium has one layer of eells, whereas stratified epithelium 
has more than one. 

3. Pseudostratified columnar epithelium is simple epithelium that appears 
to have two or more eell layers. 

4. Transitional epithelium is stratified epithelium that ean be greatly 
stretehed. 

Structural and Functional 
Relationships 

1. Simple epithelium is involved with diffiision, seeretion, or absorption. 
Stratified epithelium serves a proteetive role. Squamous eells fimetion 
in diffiision or filtration. Cuboidal or columnar eells, which eontain 
more organelles, seerete or absorb. 

2. A smooth, free surface reduces frietion. Mierovilli inerease surface area, 
and eilia move materials over the eell surface. 

3. Desmosomes, adhesion belts, and tight junctions meehanieally bind 
eells together, and hemidesmosomes meehanieally bind eells to the 
basement membrane. 

4. Tight junctions also form a permeability barrier between eells. 

5. Gap junctions allow intercellular communication. 
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Glands 

1. A gland is a single eell or a multicellular structure that seeretes. 

2. Exocrine glands have ducts, and endoerine glands do not. 

3. Exocrine glands are elassified by their ducts as simple versus compound 
and tubular versus aeinar or alveolar. 

4. Exocrine glands are elassified by their mode of seeretion as meroerine 
(no loss of cellular material), apoerine (part of the eell pinehes off), and 
holoerine (entire eell is shed). 

4.4 eonneetive Tissue <p. 86) 

Fiinetions of Oonneetive Tissue 

Connective tissues enelose and separate; eonneet tissues to one another; 

play a role in support and movement; and store, cushion, insulate, 

transport, and proteet. 

eells and Extracellular Matrix 

1. Blast eells form the matrix, eyte eells maintain it, and elast eells break it 
down. 

2. Connective tissue has an extracellular matrix eonsisting of protein 
fibers, ground substance, and fluid. 

3. Collagen fibers are flexible but resist stretehing, reticular fibers form a 
fiber network, and elastie fibers reeoil. 

4. Proteoglyeans in ground substance hold water, enabling eonneetive 
tissues to return to their original shape after being eompressed. 

eiassifieation of eonneetive Tissue 

1. Embryonie eonneetive tissue includes mesenehyme, which gives rise to 
the other eonneetive tissues, and mucous eonneetive tissue in the 
umbilical eord. 

2. Areolar eonneetive tissue is the “loose paeking” material of the body, 
which fills the spaees between organs and holds them in plaee. 

3. Adipose tissue stores energy. Adipose tissue also pads and proteets parts 
of the body and aets as a thermal insulator. 

4. Reticular tissue forms the framework of the spleen, lymph nodes, and 
red bone marrow. 

3. Dense regular eonneetive tissue has many fibers oriented in the same 
direetion and forms tendons and ligaments. 

6. Dense irregular eonneetive tissue has many fibers oriented in different 
direetions and forms the dermis of the skin. 

7. Elastie eonneetive tissue has many elastie fibers and is found in elastie 
arteries and ligaments. 

8. Cartilage provides support and is found as hyaline eartilage (eovers ends 
of bones and forms eostal eartilages), fibroeartilage (disks between 
vertebrae), and elastie eartilage (external ear). 

9. Bone has a mineralized matrix and forms most of the skeleton of the 
body. Compact bone has more matrix than spaees, whereas spongy 
bone has more spaees than matrix. 

10. Blood has a liquid matrix and is found in blood vessels. 


4.6 Nervous Tissiie (p. 95 ) 

L Nervous tissue is speeialized to conduct aetion potentials (eleetrie signals). 

2. Neurons conduct aetion potentials, and neuroglia support the neurons. 

4.7 Membranes <p. 96 ) 

1. Mucous membranes line eavities that open to the outside of the body 
(digestive, respiratory, urinary, and reproductive traets). They eontain 
glands and seerete mucus. 

2. Serous membranes line trunk eavities that do not open to the outside of 
the body (pleural, perieardial, and peritoneal eavities). They do not 
eontain glands but do seerete serous fluid. 

3. Synovial membranes line freely movable joints. 

4.8 Inflammation <p. 96 ) 

1. The fimetion of the infìammatory response is to isolate and destroy 
harmfiil agents. 

2. The infìammatory response produces redness, heat, swelling, pain, and 
disturbance of fimetion. 

3. Chronic inflammation results when the agent causing injury is not 
removed or something else interferes with the healing proeess. 

4.9 Tissue Renewal and Repair (p. 97 ) 

Tissue Renevval 

1. Tissue renewal is the replaeement of the dead eells and extracellular 
matrix of a tissue with new tissue of the same type. 

2. Programmed eell death removes damaged eells (apoptosis) and 
abnormal eells, and limits how long eells live. 

3. Embryonie stem eells are formed in days 4-3 of development and are 
pluripotent, giving rise to all eell types in the body. Adult stem eells are 
multipotent or unipotent. 

Tissue Repair 

1. Tissue repair is the restoration of tissue by tissue renewal and/or the 
replaeement of tissue by fibrosis. 

2. Tissue repair involves elot formation, inflammation, the formation of 
granulation tissue, and the regeneration or replaeement of tissues. In 
severe wounds, wound contracture ean occur. 

4.10 Tissues and Aging <p. 102) 

1. Cells divide more slowly as people age. Injuries heal more slowly. 

2. Extracellular matrix eontaining eollagen and elastie fibers beeomes less 
flexible and less elastie. Consequently, skin wrinkles, elastieity in 
arteries is reduced, and bones break more easily. 

3. Organ reserve is the ability of an organ to respond to a ehange and 
maintain homeostasis. Age, life style, and disease ean deerease organ 
reserve. 


4.5 Muscle Tissue (p. 93) 

1. Muscle tissue is speeialized to shorten, or eontraet. 

2. The three types of muscle tissue are skeletal, eardiae, and smooth muscle. 
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Revievv and eomprehension 


4.1 


Tissues and Histology <p. 78) 


1. Concerning tissues, 

a. they are eolleetions of eells and the substances surrounding them. 

b. they are elassified aeeording to eell type, extracellular matrix, and 
fimetion. 

e. the primary tissues are epithelial, eonneetive, muscle, and nervous 
tissues. 

d. histology is the study of tissues. 


e. all of the above. 


4.2 


Germ Layers (p. 78 ) 


2. Which of these embryonie germ layers gives rise to muscle, bone, and 


blood vessels? 
a. eetoderm 


b. endoderm 


e. mesoderm 


4.3 


Epithelial Tissue <p. 78 ) 


3. Epithelial tissue 

a. eovers free body surfaces. 

b. laeks blood vessels. 

e. eomposes various glands. 

d. is anehored to eonneetive tissue by a basement membrane. 

e. all of the above. 

4. A tissue that eovers a surface, is one eell layer thiek, and is eomposed of 
flat eells is 

a. simple squamous epithelium. 

b. simple cuboidal epithelium. 
e. simple columnar epithelium. 

d. stratified squamous epithelium. 

e. transitional epithelium. 

3. Epithelium eomposed of two or more layers of eells with only the 
deepest layer in eontaet with the basement membrane is 


a. stratified epithelium. 

b. simple epithelium. 


d. eohimnar epithelium. 

e. cuboidal epithelium. 


e. 


pseudostratified epithelium. 


6. Simple squamous epithelium most likely 

a. performs phagoeytosis. 

b. is involved with aetive transport. 

e. seeretes many complex lipids and proteins. 

d. allows eertain substances to diffiise aeross it. 

7. Pseudostratified eiliated columnar epithelium ean be found lining the 

a. digestive traet. 

b. traehea. 

e. thyroid gland. 

d. kidney tubules. 

e. urinary bladder. 

8. Which of these eharaeteristies do not deseribe nonkeratinized stratified 


? 


squamous epithelium: 

a. many layers of eells 

b. flat surface eells 

e. living surface eells 


d. found in the skin 

e. outer layers eovered by fluid 


9. In parts of the body, such as the urinary bladder, where eonsiderable 
expansion occurs, one ean expect to find which type of epithelium? 


a. cuboidal 

b. pseudostratified 


e. transitional 


e. columnar 


d. 


squamous 


10. Epithelial eells with mierovilli are most likely to be found 


a. lining blood vessels. 

b. lining the lungs. 

e. lining the uterine tube. 


d. lining the small intestine 

e. in the skin. 


11. A type of eell eonneetion whose only fimetion is to prevent the eells 


from eoming apart is the 
a. desmosome. 


b. gap junction. 


e. 


tight junction 


12. Glands that accumulate seeretions and release them only when the 
individual seeretory eells rupture and die are ealled_ 


glands. 
a. apoerine 


b. holoerine 


e. meroerine 


4.4 


eonneetive Tissue <p. 86) 


13. The fibers in dense eonneetive tissue are produced by 


a. fibroblasts. 

b. adipoeytes. 


e. osteoblasts. 
d. osteoelasts. 


e. maerophages 


14. A tissue with a large number of eollagen fibers organized parallel to 


eaeh other would most likely be found in 


a. a muscle. 

b. a tendon. 


e. adipose tissue. 


e. eartilage. 


d. 


a 


bone. 


13. Extremely delieate fibers that make up the framework for organs such 


as the spleen and lymph nodes are 


a. elastie fibers. 

b. reticular fibers. 


e. mierovilli. 
d. eilia. 


e. eollagen fibers. 


d. areolar tissue 

e. blood 


16. Which of these types of eonneetive tissue has the smallest amount of 
extracellular matrix? 

a. adipose 

b. bone 
e. eartilage 

17. Fibroeartilage is found 

a. in the eartilage of the traehea. 

b. in the rib eage. 
e. in the external ear. 

d. on the surfaces of bones in movable joints. 

e. between vertebrae. 

18. A tissue in which eells are loeated in lacunae surrounded by a hard 
matrix organized as lamellae is 

a. hyaline eartilage. 

b. bone. 
e. nervous tissue. 
d. dense regular eonneetive tissue. 


e. fibroeartilage. 


4.5 


MuscleTissue <p. 93 ) 


19. Which of these eharaeteristies apply to smooth muscle? 

a. striated, involuntary e. unstriated, involuntary 

b. striated, voluntary d. unstriated, voluntary 


4.6 


Nervous Tissue (p. 95 ) 


20. Which of these statements about nervous tissue is true? 

a. Neurons have eytoplasmie extensions ealled axons. 

b. Eleetrie signals (aetion potentials) are conducted along axons. 
e. Neurons are nourished and proteeted by neuroglia. 

d. Dendrites reeeive eleetrie signals and conduct them toward the eell body. 

e. All of the above are true. 
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4.7 Membranes (p. 96) 

21. The linings of the digestive, respiratory, urinary, and reproductive 
passages are eomposed of 

a. serous membranes. 

b. mucous membranes. 
e. synovial membranes. 

4.8 Inflammation <p.96) 

22. Chemical mediators 

a. cause blood vessels to eonstriet. 

b. deerease the permeability of blood vessels. 
e. initiate proeesses that lead to edema. 

d. help prevent elotting. 

e. deerease pain. 

4.9 Tissue Renewal and Repair <p. 97 ) 

23. Adult stem eells 

a. are pluripotent. 

b. ean divide to produce a transit amplifying eell. 
e. stimulate mature eells to undergo apoptosis. 

d. include neurons and skeletal muscle eells. 

e. have a limited ability to divide. 

eritieal Thinking 

1. Given the observation that a tissue has more than one layer of eells 
lining a free surface, (a) list the possible tissue types that exhibit those 
eharaeteristies, and (b) explain what additional observations need to be 
made to identify the tissue type. 

2. A patient suffered from kidney failure a few days after he was exposed to 
a toxic ehemieal. A biopsy of his kidney indieated that many of the 
thousands of epithelium-lined tubules that make up the kidney had lost 
many of the simple cuboidal epithelial eells that normally line them, 
although most of the basement membranes appeared to be intaet. Prediet 
how likely this person is to reeover fully. 

3. What types of epithelium are likely to be found lining the traehea of a 
heavy smoker? Prediet the ehanges that are likely to occur after he or 
she stops smoking for 1 or 2 years. 

4. The blood-brain barrier is a speeialized epithelium in eapillaries that 
prevents many materials from passing from the blood into the brain. 
What kind of eell eonneetions would be expected in the blood-brain 
barrier? 

3. One of the functions of the panereas is to seerete digestive enzymes that 
are earried by ducts to the small intestine. How many eell layers and 
what eell shape, eell surface, and type of eell-to-eell eonneetions would 


24. Which of the following best lists the events in the order they occur 
during skin repair? 

a. elot, seab, granulation tissue, wound contracture 

b. elot, wound contracture, granulation tissue, seab 
e. seab, granulation tissue, wound contracture, elot 

d. granulation tissue, elot, seab, wound contracture 

e. granulation tissue, wound contracture, elot, seab 

4.10 Tissues and Aging <p. 102) 

23. As eonneetive tissue ages, 

a. eells divide more rapidly. 

b. eollagen fibers beeome more regular in structure. 
e. elastie fibers beeome less elastie. 

d. all of the above. 

Answers in Appendix E 


be expected in the epithelium that is responsible for producing the 
digestive enzymes? 

6. A tissue has the following eharaeteristies: a free surface; a single layer of 
eells; narrow, tall eells; mierovilli; many mitoehondria; and goblet eells. 
Deseribe the tissue type and as many fimetions of the eells as possible. 

7. Explain the consequences: 

a. if simple columnar epithelium replaeed nonkeratinized stratified 
squamous epithelium that lines the mouth 

b. if tendons were elastie eonneetive tissue instead of dense eonneetive 
tissue 

e. if bones were made entirely of elastie eartilage 

8. Antihistamines bloek the effeet of a ehemieal mediator, histamine, that 
is released during the inflammatory response. Give an example of when 
it could be harmfiil to use an antihistamine and an example of when it 
could be benefieial. 

9. Granulation tissue and sears eonsist of dense irregular eonneetive tissue. 
Vitamin C is required for eollagen synthesis. Prediet the effeet of 
scurvy, which is a nutritional disease caused by vitamin C defieieney, on 
wound healing. 

Answers in Appendix F 
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Learning Outcomes 

AFTER YOU OOMPLETE THIS OHAPTER YOU SHOULD BE ABLE TO: 


5.1 Functions of the lntegumentary System 107 




1. Name the parts of the integiimentary system and deseribe their 
fimetions. 

Skin 107 

2. Defìne epidermis, dermis, and subcutoneous tissue. 

3. List and deseribe eaeh stratiim of the epidermis. 

4. Deseribe the events occurring during keratinization that produce a 
skin resistant to abrasion and water loss. 

5. Contrast thiek and thin skin. 

6. Discuss melanoeytes and the way they produce and transfer 
melanin to other skin eells. 

7. Explain how melanin, earotene, and blood affeet skin eolor. 

8. Name the two layers of the dermis and deseribe their structure and 
function. 

Subcutaneous Tissue 113 

9. Deseribe the structure and function of subcutaneous tissue. 

Aeeessory Skin Structures 113 

10. Distinguish between lanugo, vellus, and terminal hair. 

11. Deseribe the structure of a hair and the sheaths that surround 
the hair. 

12. Discuss the phases of hair growth. 

13. Explain the role of smooth muscle in the production of "goose 
flesh." 

14. Deseribe the glands of the skin and their seeretions. 
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The rmmber of skin-eare products is amazing. 

The woman in this photo is shopping at a retail store that 

speeializes in products primarily dedieated to improving 5.8 
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lntroduction 

T he integumentary (in-teg-u-men'tà-ré) system eonsists 

of the skin and aeeessory structures, such as hair, glands, 
and nails. Integument means eovering, and the integu- 
mentary system is familiar to most people because it eovers the 
outside of the body and is easily observed. In addition, humans 
are eoneerned with the appearanee of the integumentary system. 
Skin without blemishes is eonsidered attraetive, whereas aene is 
a source of embarrassment for many people. The development of 
wrinkles and the graying or loss of hair are signs of aging that 
some people find unattractive. Because of these feelings, much 
time, eífort, and money are spent on ehanging the appearanee of 
the integumentary system. For example, people apply lotion to 
their skin, eolor their hair, and trim their nails. They also try to 
prevent sweating with antiperspirants and body odor with wash- 
ing, deodorants, and perfumes. 

The appearanee of the integumentary system ean indieate 
physiologieal imbalanees in the body. Some disorders, such as 
aene or warts, affeet just the integumentary system. Disorders of 
other parts of the body ean be refleeted there, and thus the integ- 
umentary system is useful for diagnosis. For example, reduced 
blood flow through the skin during a heart attaek ean cause a 
pale appearanee, whereas inereased blood flow as a result of fever 
ean cause a flushed appearanee. Also, the rashes of some diseases 
are very eharaeteristie, such as the rashes of measles, chickenpox, 
and allergie reaetions. 


5.1 Fimetions of the 

lntegumentary System 

The integumentary system eonsists of the skin, hair, glands, and 
nails. Although we are often eoneerned with how the integumen- 
tary system looks, it has many important functions that go 
beyond appearanee. The major functions of the integumentary 
system are 

1. Proteetion. The skin provides proteetion against abrasion and 
ultraviolet light. It also prevents the entry of mieroorganisms 
and prevents dehydration by reducing water loss from the body. 

2. Sensation. The integumentary system has sensory reeeptors that 
ean deteet heat, eold, touch, pressure, and pain. 

3. Temperature regnlation. Body temperature is regulated by 
eontrolling blood flow through the skin and the aetivity of 
sweat glands. 

4. Vitamin Dprodnetion. When exposed to ultraviolet light, the skin 
produces a molecule that ean be transformed into vitamin D. 

3. Excretion. Small amounts of waste products are lost through the 
skin and in gland seeretions. 

1 What are the eomponents of the integiimentary system? 

2 State five fimetions of the integumentary system. 



The skin is made up of two major tissue layers. The epidermis 
(ep-i-der'mis, on the dermis) is the most superficial layer of the skin; 
it eonsists of epithelial tissue (figure 3.1). The epidermis resists abra- 
sion on the skin’s surface and reduces water loss through the skin. 
The epidermis rests on the dermis (der'mis, skin), which is a layer 
of eonneetive tissue. Depending on loeation, the dermis is 10 to 
20 times thieker than the epidermis and is responsible for most of 
the structural strength of the skin. The strength of the dermis is seen 
in leather, which is produced from the hide (skin) of an animal. The 
epidermis is removed, and the dermis is preserved by tanning. 

The skin rests on the subcutaneous (under the skin) tissue, which 
is adipose tissue in most loeations (see figure 5.1). The subcutaneous 
tissue is not part of the skin or the integumentary system, but it does 
eonneet the skin to underlying muscle or bone. Table 5.1 summarizes 
the structures and flmetions of the skin and subcutaneous tissue. 

3 For the two layers of the skin, state their name, tissue type, and 
function. 

4 What type of tissue is the subcutaneous layer and what is its 
function? How is subcutaneous tissue related to the integumentary 
system? 


Epidermis apir 

The epidermis is stratified squamous epithelium, and it is separated 
from the dermis by a basement membrane. The epidermis has no 
blood vessels and is nourished by diffiision from eapillaries of the der- 
mis (figure 5.2). Most eells of the epidermis are ealled keratinoeytes 
(ke-rat'i-nò-sltz) because they produce a protein mixture ealled kera- 
tin (ker'à-tin), which makes the eells hard. Keratinoeytes are respon- 
sible for the ability of the epidermis to resist abrasion and reduce water 
loss. Other eells of the epidermis include melanoeytes (mel'à-nò-sltz), 
which contribute to skin eolor, Langerhans eells, which are part of the 
immune system (see ehapter 22), and Merkel eells, which are speeial- 
ized epidermal eells assoeiated with the nerve endings responsible for 
deteeting light touch and superficial pressure (see ehapter 12). 

Cells are produced by mitosis in the deepest layer of the epider- 
mis. As new eells are formed, they push older eells to the surface, where 
they slough off, or desquamate (des' kwà-màt). The outermost eells in 
this stratified arrangement proteet the eells underneath, and the deeper 
replieating eells replaee eells lost from the surface. As they move from 
the deeper epidermal layers to the surface, the eells ehange shape and 
ehemieal eomposition. This proeess is ealled keratinization (ker'à-tin- 
i-zà'shun) because the eells beeome filled with keratin. As keratiniza- 
tion proeeeds, the epithelial eells die, producing an outer layer of dead, 
hard eells that resists abrasion and forms a permeability barrier. 

Although keratinization is a continual proeess, distinet transi- 
tional stages ealled strata (sing. stratnm) ean be reeognized as the eells 
ehange. From the deepest to the most superficial, the five strata are 
the strarnm basale, stratum spinosum, stratum granulosum, stratum 
lucidum, and stratum corneum (see figure 5.2). 

Stratum Basale 

The stratum basale (bà'sà-lé) is the deepest layer of the epidermis, eon- 
sisting of a single layer of cuboidal or eohimnar eells (figure 5.3, step 1). 
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Figlire 5.1 Skin and Subcutaneous Tissue 

The skin, eonsisting of the epidermis and the dermis, is eonneeted by the subcutaneous tissue to underlying structures. Note the aeeessory structures (hairs, glands, 
and arreetor pili), some of which projeet into the subcutaneous tissue, and the large amount of fat in the subcutaneous tissue. 


Structural strength is provided by hemidesmosomes, which anehor the 
epidermis to the basement membrane, and by desmosomes, which hold 
the eells together (see ehapter 4). Some of the strarnm basale eells are 
stem eells that divide to produce new stem eells and transit amplifying 
eells (see ehapter 4), which give rise to the keratinoeytes. It takes approx- 
imately 40—56 days for a keratinoeyte to differentiate, die, and reaeh the 
surface of the epidermis. 

Stratum Spinosum 

The stratiim spinosum (spl-nò'sum) is superficial to the stratum 
basale and eonsists of 8—10 layers of many-sided eells (figure 5.3, 
step 2). The eells in this stratum begin to differentiate. They flatten 
and produce keratin fibers and lipid-filled, membrane-bound organ- 
elles ealled lamellar (lam'è-làr, là-mel'ar) bodies. 

Stratum Granulosum 

The stratum granulosum (gran-u-lò'sum) eonsists of two to five 
layers of diamond-shaped eells (figure 5.3, step 3). This stramm 
derives its name from the nonmembrane-bound protein granules of 
keratohyalin (ker'à-tò-hl'à-lin), which accumulate in the eytoplasm 
of the eell. The lamellar bodies of these eells move to the plasma 
membrane and release their lipid eontents into the intercellular 
spaee. Inside the eell, a protein envelope forms beneath the plasma 


membrane. In the most superficial layers of the stratum granulosum, 
the nucleus and other organelles degenerate, and the eell dies. 

Stratum Lucidum 

The stratum lucidum (loo'si-dtim) is a thin, elear zone above the 
stratum granulosum, eonsisting of several layers of dead eells with 
indistinet boundaries (figure 5.3, step 4). Keratin fibers are pres- 
ent, but the keratohyalin, which was evident as granules in the 
stratum granulosum, has dispersed around the keratin fibers, and the 
eells appear somewhat transparent. The stratum lucidum is present in 
only a few areas of the body (see “Thiek and Thin Skin,” p. 110). 

Stratum Corneum 

The stratum corneum (kòr'né-um) is the most superficial layer of the 
epidermis, eonsisting of 25 or more layers of dead squamous eells joined 
by desmosomes (figure 5.3, step 5). Eventualfy, the desmosomes break 
apart, and the eells desquamate from the surface of the skin. Excessive 
desquamation of the stratum corneum of the sealp is ealled dandmff. 

The stramm corneum eonsists of eornified eells, which are dead 
eells, with a hard protein envelope, filled with the protein keratin. 
Keratin is a mixture of keratin fibers and keratohyalin. The envelope 
and the keratin are responsible for the stmemral strength of the 
stramm corneum. The type of keratin found in the skin is soft 
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Table 5.1 


eomparison of the Skin (Epidermis and Dermis) and Subcutaneous Tissue 


Parts 

Structure 

Function 

Epidermis 

Superficial part of skin; stratified squamous 
epithelium; eomposed of four orfive strata 

Barrier that prevents water loss and the entry of ehemieals and 
mieroorganisms; proteets against abrasion and ultraviolet light; 
produces vitamin D; gives rise to hair, nails, and glands 

Stratum corneum 

Most superficial stratum of the epidermis; 25 or 
more layers of dead squamous eells 

Provision of structural strength by keratin and protein envelope 
within eells; prevention of water loss by lipids surrounding eells; 
sloughing off of most superficial eells resists abrasion 

Stratum lucidum 

Three to five layers of dead eells; appears transparent; 
present in thiek skin, absent in most thin skin 

Dispersion of keratohyalin around keratin fibers 

Stratum granulosum 

Two to five layers of flattened, diamond-shaped eells 

Production of keratohyalin granules; lamellar bodies release lipids 
from eells; eells die 

Stratum spinosum 

A total of 8 to 10 layers of many-sided eells 

Production of keratin fibers; formation of lamellar bodies 

Stratum basale 

Deepest stratum of the epidermis; single layer of 
cuboidal or columnar eells; basement membrane of 
the epidermis attaehes to the dermis 

Production of eells of the most superficial strata; melanoeytes 
produce and contribute melanin, which proteets against 
ultraviolet light 

Dermis 

Deep part of skin; eonneetive tissue eomposed of 
two layers 

Responsibleforthe structural strength and flexibility of the skin; 
the epidermis exchanges gases, nutrients, and waste products 
with blood vessels in the dermis 

Papillary layer 

Papillae projeet toward the epidermis; areolar 
eonneetive tissue 

Brings blood vessels elose to the epidermis; dermal papillae form 
fingerprints and footprints 

Reticular layer 

Mat of eollagen and elastie fibers; dense irregular 
eonneetive tissue 

Main fibrous layer of the dermis; strong in many direetions; forms 
eleavage lines 

Subcutaneous 

tissue 

Not part of the skin; adipose tissue in most loeations; 
areolar tissue where there is little adipose tissue 
(e.g., eyelids and penis) 

Attaehes the dermis to underlying structures; adipose tissue also 
provides energy storage, insulation, and padding; blood vessels 
and nerves from the subcutaneous tissue supply the dermis 
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Figure 5.2 Dermis and Epidermis 

(a) Photomierograph of dermis eovered by the epidermis.The dermis eonsists of the papillary and reticular layers.The papillary layer has projeetions, ealled papillae, that 
extend into the epidermis. (b) Higher-magnifieation photomierograph of the epidermis resting on the papillary layer of the dermis. Note the strata of the epidermis. 
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Superficial 


5. In the stratum corneum, the dead eells have 
a hard protein envelope, eontain keratin, and 
are surrounded by lipids. 


4. In the stratum lucidum, the eells are dead 
and eontain dispersed keratohyalin. 


3. In the stratum granulosum, keratohyalin 
granules accumulate, and a hard protein 
envelope forms beneath the plasma 
membrane; lamellar bodies release lipids; 
eells die. 


2. In the stratum spinosum, keratin fibers and 
lamellar bodies accumulate. 


1. In the stratum basale, eells divide by mitosis 
and some of the newly formed eells beeome 
the eells of the more superficial strata. 


Direetion of 
eell movement 
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Proeess Figure 5.3 Epidermal Layers and Keratinization 


keratin. Another type of keratin, hard keratin, is found in nails and 
the external parts of hair. Cells eontaining hard keratin are more 
durable than eells with soft keratin, and they do not desquamate. 

Surrounding the eells are the lipids released from lamellar bod- 
ies. The lipids are responsible for many of the permeability eharaeter- 
isties of the skin. 

In skin subjected to frietion or pressure, the number of layers in 
the stramm corneum greatly inereases to produce a thiekened area 
ealled a callus (karhs). The skin over bony prominenees may develop 
a eone-shaped structure ealled a eorn. The base of the eone is at the 
surface, but the apex extends deep into the epidermis, and pressure 
on the eorn may be quite painful. 


i 

Keratinization and Psoríasis 



Psoriasis (só-rí'à-sis, the iteh) is eharaeterized by inereased eell 
division in the stratum basale and abnormal keratin production.The 
result is a thieker-than-normal stratum corneum that sloughs to 
produce large, silvery seales. If the seales are seraped away, bleeding 
occurs from the blood vessels loeated in the dermis. Evidenee 
suggests that the disease has a genetie eomponent and that the 
immune system stimulates the inereased eell divisions. Psoriasis is a 
ehronie disease that ean be eontrolled with drugs and phototherapy 
(UV light), but as yet it has no cure. 


5 How does the epidermis reeeive nourishment? 

6 From deepest to most superficial, name and deseribe the five strata 
of the epidermis. Name the stratum in which new eells form, the 
stratum from which eells desquamate, and the strata that have living 
versus dead eells. 

7 Deseribe the structural features resulting from keratinization that 
make the epidermis structurally strong and resistant to water loss. 

8 What are a callus and a eorn? 


Prediet 



Some drugs are administered by applying them to the skin (e.g., a nieotine skin 
pateh to help a person stop smoking).The drug diffuses through the epidermis 
to blood vessels in the dermis. What kinds of substances ean pass easily 
through the skin by diffusion? What kinds have difficulty? 


Thiek and Thin Skin 

When we say a person has thiek or thin skin, we are usually referring 
metaphorieally to the person’s ability to take eritieism. However, all 
of us in a literal sense have both thiek and thin skin. Skin is elassified 
as thiek or thin on the basis of the structure of the epidermis. Thiek 
skin has all five epithelial strata, and the stratum corneum has many 
layers of eells. Thiek skin is found in areas subject to pressure or 
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frietion, such as the palms of the hands, the soles of the feet, and the 
fingertips. 

Thin skin eovers the rest of the body and is more flexible than 
thiek skin. Eaeh stratum eontains fewer layers of eells than are found 
in thiek skin; the stratum granulosum frequently eonsists of only one 
or two layers of eells, and the stramm lucidum generally is absent. 
Hair is found only in thin skin. 

9 Compare the structure and loeation of thiek skin and thin skin. Is hair 
found in thiek or thin skin? 


Skin eolor 

Pigments in the skin, blood circulating through the skin, and the 
thiekness of the stratum corneum together determine skin eolor. 
Melanin (mekà-nin) is the group of pigments responsible for skin, 
hair, and eye eolor. Most melanin molecules are brown to blaek pig- 
ments, but some are yellowish or reddish. Melanin provides protee- 
tion against ultraviolet light from the sun. 

Large amounts of melanin are found in eertain regions of the 
skin, such as freekles, moles, nipples, areolae of the breasts, axillae, 
and genitalia. Other areas of the body, such as the lips, palms of the 
hands, and soles of the feet, eontain less melanin. 

Melanin is produced by melanoeytes (mel'à-nò-sltz), irreg- 
ularly shaped eells with many long proeesses that extend between 
the keratinoeytes of the strarnm basale and the strarnm spino- 
sum (figure 5.4). The Golgi apparatuses of the melanoeytes 
paekage melanin into vesieles ealled melanosomes (mel'à-nò- 
sòmz), which move into the eell proeesses of the melanoeytes. 
Keratinoeytes phagoeytize (see ehapter 3) the tips of the mela- 
noeyte eell proeesses, thereby acquiring melanosomes. Although 
all keratinoeytes ean eontain melanin, only the melanoeytes 
produce it. 


| 

, 

I 
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Freekles, Moles, and Warts 

Freekles are small, diserete areas of the epidermis with a uniform 
brown eolor. Freekles result from an inereased amount of melanin in 
the stratum basale keratinoeytes.There is no inerease in the number 
of melanoeytes. Moles are elevations of the skin that are variable in 
size and are often pigmented and hairy. A mole is an aggregation, or 
"nest," of melanoeytes in the epidermis or dermis. They are a normal 
occurrence, and most people have 10-20 moles, which appear in 
ehildhood and enlarge until puberty. Warts are uncontrolled 
growths of the epidermis caused by the human Papillomavirus. 
Usually, the growths are benign and disappear spontaneously, or 
they ean be removed by a variety of techniques. The viruses are 
transmitted to the skin by direet eontaet with eontaminated objeets 
or an infeeted person.They ean also be spread by seratehing. 


Melanin production is determined by genetie faetors, exposure 
to light, and hormones. Genetie faetors are primarily responsible for 
the variations in skin eolor among different raees and among people 
of the same raee. The amount and types of melanin produced by the 
melanoeytes, as well as the size, number, and distribution of the 
melanosomes, are genetieally determined. Skin eolors are not deter- 
mined by the number of melanoeytes because all raees have essen- 
tially the same number. Although many genes are responsible for skin 
eolor, a single mutation (see ehapter 25) ean prevent the manufacture 
of melanin. Albinism (akbi-nizm) is a reeessive genetie trait that 
causes a defieieney or an absenee of melanin. Albinos have fair skin, 
white hair, and unpigmented irises in the eyes. 

Exposure to ultraviolet light darkens melanin already present 
and stimulates melanin production, resulting in tanning of the skin. 
The inereased melanin provides additional proteetion against ultra- 
violet light. 


1. Melanosomes are produced by the 
Golgi apparatus of the melanoeyte. 

2. Melanosomes move into 
melanoeyte eell proeesses. 

3. Epithelial eells phagoeytize the tips 
of the melanoeyte eell proeesses. 

4. The melanosomes, which were 
produced inside the melanoeytes, 
have been transferred to epithelial 
eells and are now inside them. 
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Proeess Figlire 5.4 Melanin Transfer from Melanoeyte to Keratinoeytes 

Melanoeytes make melanin, which is paekaged into melanosomes and transferred to many keratinoeytes. 





















112 


ehapter 5 


During pregnaney, eertain hormones, such as estrogen and 
melanocyte-stimulating hormone, cause an inerease in melanin pro- 
duction in the mother, which in turn causes darkening of the nip- 
ples, areolae, and genitalia. The eheekbones, forehead, and ehest also 
may darken, resulting in the “mask of pregnaney,” and a dark line of 
pigmentation may appear on the midline of the abdomen. 

Blood flowing through the skin imparts a reddish hue. Erythema 
(er-i-thé'mà) is inereased redness of the skin resulting from inereased 
blood flow through the skin. An inflammatory response (see ehapter 4) 
stimulated by infeetions, sunburn, allergie reaetions, inseet bites, or 
other causes ean produce erythema, as ean exposure to the eold, blush- 
ing, or flushing when angry or hot. A deerease in blood flow, such as 
occurs in shoek, ean make the skin appear pale. Cyanosis (sì-à-nò'sis) 
is a bluish skin eolor caused by a deerease in the blood oxygen eontent. 

Birthmarks are eongenital (present at birth) disorders of the eapil- 
laries in the dermis of the skin. Usually, they are of eoneern only for 
eosmetie reasons. A strawberry birthmark is a mass of soft, elevated tis- 
sue that appears bright red to deep purple. In 70% of patients, straw- 
berry birthmarks disappear spontaneously by age 7. Portwine stains 
appear as flat, dull red, or bluish patehes that persist throughout life. 

Carotene (kar'ò-tén) is a yellow pigment found in plants, such 
as earrots and eorn. Humans normally ingest earotene and use it 
as a source of vitamin A. Carotene is lipid-soluble, and, when large 
amounts of earotene are consumed, the excess accumulates in the 
stramm corneum and in the adipose eells of the dermis and subcuta- 
neous tissue, causing the skin to develop a yellowish tint, which 
slowly disappears onee earotene intake is reduced. 

The loeation of pigments and other substances in the skin affeets 
the eolor produced. If a dark pigment is loeated in the dermis or 
subcutaneous tissue, light refleeted off the dark pigment ean be seat- 
tered by eollagen fibers of the dermis to produce a blue eolor. The 
same effeet produces the blue eolor of the sky as light is refleeted from 
dust partieles in the air. The deeper within the dermis or subcutaneous 
tissue any dark pigment is loeated, the bluer the pigment appears 
because of the light-seattering effeet of the overlying tissue. This effeet 
causes the blue eolor of bruises and some superficial blood vessels. 

10 What is the function of melanin? Which eells of the epidermis 
produce melanin? What happens to the melanin onee it is produced? 

11 How do genetie faetors, exposure to light, and hormones determine 
the amount of melanin in the skin? 

12 How do melanin, earotene, and blood affeet skin eolor? 


Prediet 



Explain the differenees in skin eolor between (a) the palms of the hands and 
the lips, (b) the palms of the hands of a person who does heavy manual labor 
and of one who does not, (e) the anterior and posterior surfaces of the forearm, 
and (d) the genitals and the soles of the feet. 


Dermis apir 


The dermis is eonneetive tissue with fibroblasts, a few adipose eells, 
and maerophages. Collagen is the main eonneetive tissue fiber, but 
elastie and reticular fibers are also present. Nerves, hair follieles, 
smooth muscles, glands, and lymphatie vessels extend into the dermis 
(see figure 5.1). 


The dermis is divided into two layers (see figures 5.1 and 5.2): 
the superficial papillary (pap'i-làr-é) layer and the deeper reticular 
(re-tik'u-làr) layer. The papillary layer derives its name from projee- 
tions ealled dermal papillae (pà-pil'é), which extend toward the 
epidermis (see figure 5.2). The papillary layer is areolar eonneetive 
tissue with thin fibers that are somewhat loosely arranged. The papil- 
lary layer also eontains blood vessels that supply the overlying epider- 
mis with nutrients, remove waste products, and aid in regulating 
body temperature. 

The dermal papillae underlying thiek skin are in parallel, curv- 
ing ridges that shape the overlying epidermis into ridges. These ridges 
inerease frietion and improve the grip of the hands and feet. 
Everyone has a unique, life-long pattern of ridges, even identieal 
twins. When thiek skin eomes in eontaet with an objeet, oils on the 
skin ean leave an impression of these ridges ealled fingerprints. 

The reticular layer, which is eomposed of dense irregular eonnee- 
tive tissue, is the main layer of the dermis. It is continuous with the 
subcutaneous tissue and forms a mat of irregularly arranged fibers 
that are resistant to stretehing in many direetions. The elastie and 
eollagen fibers are oriented more in some direetions than in others 
and produce eleavage lines, or tension lines, in the skin (figure 5.5). 
Knowledge of eleavage line direetions is important because an inei- 
sion made parallel to the eleavage lines is less likely to gap than is an 
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An ineision made aeross 
eleavage lines ean gap, 
inereasing the time needed 
for healing, and resulting in 
inereased sear tissue 
formation. 


An ineision made parallel to eleavage 
lines results in less gapping, faster 
healing, and less sear tissue. 


Figure 5.5 eieavage Lines 

The orientation of eollagen fibers produces eleavage, ortension, lines in 
the skin. 
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ineision made aeross them. The eloser together the edges of a wound, 
the less likely is the development of infeetions and the formation of 
eonsiderable sear tissue. 

If the skin is overstretehed, the dermis may rupture and leave 
lines that are visible through the epidermis. These lines of sear tissue, 
ealled striae (strl'é), or streteh marks, ean develop on the abdomen 
and breasts of a woman during pregnaney. 

13 Name and eompare the two layers of the dermis. Which layer is 
responsible for most of the structural strength of the skin? 

14 What are eleavage lines and striae? 

5.3 Subcutaneous Tissue 

Subcutaneous (under the skin) tissue attaehes the skin to underly- 
ing bone and muscle and supplies it with blood vessels and nerves 
(see figure 5.1). It is adipose tissue in most loeations, but where there 
is little fat, such as in the eyelids and penis, it is areolar eonneetive 
tissue. Subcutaneous tissue is not part of the integumentary system. 
An alternate name for subcutaneous tissue is the hypodermis (hi-pò- 
der'mis, below the skin). Subcutaneous tissue is the term used elini- 
eally and by advaneed texts. 

Approximately half the bodys stored fat is in the subcutaneous 
tissue, where it fimetions as a source of energy, insulation, and padding. 
The amount of fat in the subcutaneous tissue varies with age, sex, and 
diet. The subcutaneous tissue ean be used to estimate total body fat. The 
skin is pinehed at seleeted loeations, and the thiekness of the fold of skin 
and underlying subcutaneous tissue is measured. The thieker the fold, 
the greater the amount of total body fat. 

15 What is the fiinetion of subcutaneous tissue? Name the types of 
tissue forming the subcutaneous tissue. 

16 List the functions of the fat within the subcutaneous tissue. 

i injeetions 

There are three types of injeetions. An intradermal injeetion, 
such as for the tuberculin skin test, is an injeetion into the dermis. 

It is administered by drawing the skin taut and inserting a small 
needle at a shallow angle into the skin. A subcutaneous injeetion 
is an injeetion into the fatty tissue of the subcutaneous tissue, 
such as for an insulin injeetion.This injeetion is aehieved by pineh- 
ing the skin to form a "tent" into which a short needle is inserted. 

An intramuscular injeetion is an injeetion into a muscle deep to 
the subcutaneous tissue. It is aeeomplished by inserting a long 
needle at a 90-degree angle to the skin. Intramuscular injeetions 
are used for injeeting most vaeeines and eertain antibioties. 


5.4 Aeeessory Skin Structures 

Aeeessory skin structures are hair, smooth muscles ealled the arreetor 
pili, glands, and nails. 


Hair 

The presenee of hair is one of the eharaeteristies eommon to all 
mammals; if the hair is dense and eovers most of the body surface, it 
is ealled fur. In humans, hair is found everyvvhere on the skin except 
the palms, the soles, the lips, the nipples, parts of the external geni- 
talia, and the distal segments of the fingers and toes. 

By the fifth or sixth month of fetal development, delieate, 
unpigmented hair ealled lanugo (là-noo' gò) has developed and eov- 
ered the fetus. Near the time of birth, terminal hairs, which are 
long, eoarse, and pigmented, replaee the lanugo of the sealp, eyelids, 
and eyebrows. Vellus (vel'us) hairs, which are short, fine, and usu- 
ally unpigmented, replaee the lanugo on the rest of the body. At 
puberty, terminal hair, espeeially in the pubic and axillary regions, 
replaees much of the vellus hair. The hair of the ehest, legs, and arms 
is approximately 90% terminal hair in males, eompared with approx- 
imately 35% in females. In males, terminal hairs replaee the vellus 
hairs of the faee to form the beard. 

Hair Structure 

The shafìt of the hair protrudes above the surface of the skin, 
whereas the root is below the surface (figure 5.6). The base of the 
root is expanded to form the hair bulb. Most of the root and the 
shaft of the hair are eomposed of columns of dead keratinized 
epithelial eells arranged in three eoneentrie layers: the medulla, the 
cortex, and the cuticle. The medulla (me-dool'à) is the eentral axis 
of the hair, eonsisting of two or three layers of eells eontaining soft 
keratin. The cortex forms the bulk of the hair and eonsists of eells 
eontaining hard keratin. The cuticle (ku'ti-kl) is a single layer of 
eells, with hard keratin, that forms the hair surface. The edges of 
the cuticle eells overlap like shingles on a roof. The raised edges 
help hold the hair in plaee. During textile manufacture, the sheep 
hair cuticles eateh eaeh other and hold the hairs together to form 
threads. 

The hair folliele is a tubelike invagination of the epidermis into 
the dermis from which the hair develops. It eonsists of a dermal root 
sheath and an epithelial root sheath (see figure 5 .Gb). The dermal 
root sheath is the portion of the dermis that surrounds the epithelial 
root sheath. The epithelial root sheath is divided into an external and 
an internal part. At the opening of the folliele, the epithelial root 
sheath has all the strata found in thin skin. Deeper in the hair folliele, 
the number of eells deereases until at the hair bulb only the stratum 
basale is present. This has important consequences for the repair of the 
skin. If the epidermis and the superficial part of the dermis are dam- 
aged, the stramm basale in the undamaged part of the hair folliele ean 
be a source of new epithelium. 

The hair bulb is an expanded knob at the base of the hair root. 
Inside the hair bulb is a mass of epithelial eells, the matrix, which 
produces the hair (see figure 5 .Gb). The dermis of the skin projeets 
into the hair bulb as a hair papilla, which eontains blood vessels that 
provide nourishment to the eells of the matrix. 

Hair Growth 

Hair is produced in eyeles that involve a growth stage and a rest- 
ing stage. During the growth stage, stem eells in the matrix eells 
give rise to transit amplifying eells that differentiate, beeome kera- 
tinized, and die. The hair grows longer as eells are added at the base 
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(b) 

Figure 5.6 Hair Folliele ap f* 

( a ) Hair within a hair folliele. (b) Enlargement of the hair folliele wall and hair 
bulb. 


permanent hair loss is “pattern baldness.” Hair follieles are lost, and 
the remaining hair follieles revert to producing vellus hair, which is 
very short, transparent, and for praetieal purposes invisible. Although 
more eommon and more pronounced in eertain men, baldness ean 
also occur in women. Genetie faetors and the hormone testosterone 
are involved in causing pattern baldness. 

Hair eolor 

Hair eolor is determined by varying amounts and types of melanin. 
The production and distribution of melanin by melanoeytes occurs 
in the hair bulb by the same method as in the skin. With age, the 
amount of melanin in hair ean deerease, causing the hair to beeome 
faded in eolor, or the hair ean have no melanin and be white. Gray 
hair is usually a mixture of unfaded, faded, and white hairs. 


Prediet 



Marie Antoinette's hair supposedly turned white overnight after she heard she 
would be sent to the guillotine. Explain why you believe or disbelieve this story. 


Muscles 

Assoeiated with eaeh hair folliele are smooth muscle eells, the arreetor 
(à-rek'tòr, that which raises) pili (pl'll, hair) (see figure 5 .6a). 
Contraction of the arreetor pili causes the hair to beeome more per- 
pendicular to the skin’s surface, or to “stand on end,” and it produces 
a raised area of skin ealled “goose flesh.” In animals with fur, eontrae- 
tion of the arreetor pili is benefieial because it inereases the thiekness 
of the fur by raising the hairs. In the eold, the thieker layer of fur 
traps air and beeomes a better insulator. The thiekened fur ean also 
make the animal appear larger and more ferocious, which might 
deter an attaeker. It is unlikely that humans, with their sparse 
amount of hair, derive any important benefit from eontraetion of 
their arreetor pili. 

17 When and where are lanugo, vellus, and terminal hairs found in the 
skin? 

18 Def\ne the root, shaft, and hair bulb of a hair. Deseribethethree layers 
of a hair. 

19 Deseribethe partsofa hair folliele. How is the epithelial rootsheath 
important in the repair of the skin? 

20 In what part of a hair does growth take plaee? What are the stages of 
hair growth? 

21 What determines the different shades of hair eolor? 

22 What happens when the arreetor pili muscles eontraet? 


of the hair root. During the resting stage, there is no hair growth 
and the hair is held in the hair folliele. The duration of eaeh stage 
depends on the hair—eyelashes grow for approximately 30 days and 
rest for 103 days, whereas sealp hairs grow for 3 years and rest for 
1—2 years. At any given time, an estimated 90% of the sealp hairs 
are in the growing stage. 

When the next growth stage begins, a new hair is formed, and 
the old hair falls out. A loss of approximately 100 sealp hairs per day 
is normal. Although loss of hair normally means that the hair is being 
replaeed, loss of hair ean be permanent. The most eommon kind of 


Glands 

The major glands of the skin are the sebaceous (sé-bà'shus) glands 
and the sweat glands (figure 5.7). Sebaceous glands are simple or 
compound alveolar glands loeated in the dermis. Most are eonneeted 
by a duct to the superficial part of a hair folliele. Sebaceous glands 
produce sebum, an oily, white substance rieh in lipids. The sebum 
lubricates the hair and the surface of the skin, which prevents drying 
and proteets against some baeteria. 

Eeerine (ek'rin) sweat glands are simple, eoiled tubular glands 
loeated in almost every part of the skin and are most numerous in 
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Figlire 5.7 Glands of the Skin ap:r, 

Sebaceous and apoerine sweat glands empty into the hair folliele. Eeerine sweat 
glands empty onto the surface of the skin. 


the palms and soles. They produce sweat, which is a seeretion of 
mostly water with a few salts. Eeerine sweat glands are sometimes 
ealled meroerine (meró-krin) sweat glands because they seerete in a 
meroerine fashion (see ehapter 4). Eeerine sweat glands have ducts 
that open onto the surface of the skin through sweat pores. When 
the body temperamre starts to rise above normal levels, the sweat 
glands produce sweat, which evaporates and eools the body. Sweat 
ean also be released in the palms, soles, axillae (armpits), and other 
plaees because of emotional stress. Emotional sweating is used in lie 
deteetor (polygraph) tests because sweat gland aetivity usually 
inereases when a person tells a lie. Even small amounts of sweat ean 
be deteeted because the salt solution conducts eleetrieity and lowers 
the eleetrie resistanee of the skin. 

Apoerine (apò-krin) sweat glands are simple, eoiled, tubular 
glands that produce a thiek seeretion rieh in organie substances. They 
open into hair follieles, but only in the axillae and genitalia. Apoerine 
sweat glands beeome aetive at puberty because of the influence of sex 
hormones. Their organie seeretion, which is essentially odorless when 
released, is quickly broken down by baeteria into substances responsible 
for what is eommonly known as body odor. Many mammals use seent 
as a means of communication, and it has been suggested that the aetivity 
of apoerine sweat glands may be a sign of sexual mamrity. 

Other skin glands include the ceruminous glands and the 
mammary glands. The ceruminous (sé-roo'mi-nus) glands are 
modified eeerine sweat glands that produce cerumen, or earwax 
(see ehapter 14). The mammary glands are modified apoerine 
sweat glands loeated in the breasts. They produce milk. The 
structure and regulation of mammary glands are discussed in 

ehapters 24 and 25. 


23 What seeretion is produced by the sebaceous glands? What is the 
function of the seeretion? 

24 Which glands of the skin are responsible for eooling the body? Which 
glands are involved with the production of body odor? 

25 Where are ceruminous and mammary glands loeated, and what 
seeretions do they produce? 


Nails 

The distal ends of the digits of humans and other primates have nails, 
whereas reptiles, birds, and most mammals have claws or hooves. The 
nail is a thin plate, eonsisting of layers of dead stramrn corneum eells 
with hard keratin. The visible part of the nail is the nail body, and 
the part of the nail eovered by skin is the nail root (figure 5.8). The 
lateral and proximal edges of the nail are held in plaee by a fold of skin 
ealled the nail fold. The cuticle is stratum corneum from the nail 
fold that extends onto the nail body. The nail root extends distally 
from the nail matrix. The nail also attaehes to the underlying nail 
bed, which is loeated distal to the nail matrix. The nail matrix and bed 
are epithelial tissue with a stratum basale that gives rise to the eells that 
form the nail. The nail matrix is thieker than the nail bed and pro- 
duces most of the nail. A small part of the nail matrix, the lunula 
(loo'noo-là, moon), ean be seen through the nail body as a whitish, 
ereseent-shaped area at the base of the nail (see figure 5.8 a). The pro- 
duction of eells within the nail matrix results in growth of the nail. 
Unlike hair, nails grow continuously and do not have a resting stage. 
Nails grow at an average rate of 0.5—1.2 mm per day, and fingernails 
grow more rapidly than toenails. 

| 

Aene 

Aene (aknè) is an inflammation of the hair follieles and sebaceous 
glands. Four faetors are believed to be involved: hormones, sebum, 
abnormal keratinization, and the bacterium Propionibacterium aenes. 

The lesions of aene begin with the overproduction of epidermal eells in 
the hair folliele. These eells are shed from the wall ofthe hairfolliele, and 
they stiek to one another to form a mass of eells mixed with sebum that 
bloeks the hair folliele. During puberty, hormones, espeeially testoster- 
one, stimulate the sebaceous glands, and sebum production inereases. 
Because both the testes and the ovaries produce testosterone, the effeet 
is seen in males and females. An accumulation of sebum behind the 
bloekage produces a whitehead. A blaekhead develops when the accu- 
mulating mass of eells and sebum pushes through the opening of the 
hair folliele. Although there is general agreement that dirt is not respon- 
sible for the blaek eolor, the exact cause of the blaek eolor in blaekheads 
is disputed. A pimple results ifthe wall ofthe hair folliele ruptures,form- 
ing an entry into the surrounding tissue. P. aenes and other baeteria 
stimulatean inflammatory responsethat results intheformation ofa red 
pimple fìlled with pus. If tissue damage is extensive, searring occurs. 


26 Name the parts of a nail. Which part produces most of the nail? What 
is the lunula? 

27 Do nails have growth stages? 
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Relevanee 


Burns 


Head 9% 


i 


Llpper limb 9% 


Trunk18% 
(front or baek) 


A burn is injury to a tissue caused 
by heat, eold, frietion, ehemieals, eleetrie- 
ity, or radiation. Burns are elassifìed aeeord- 
ing to the extent of surface area involved 
and the depth of the burn. For an adult, the 
surface area that is burned ean be eonve- 
niently estimated by "the rule of nines," in 
vvhieh the body is divided into areas that 
are approximately 9%, or multiples of 9%, 
of the body surface area (BSA) (fìgure A). 

For younger patients, surface area relation- 
ships are different. For example, in an 
infant, the head and neek are 21% of BSA, 
vvhereas in an adult they are 9%. For burn 
vietims younger than age 15, a table spe- 
eifieally developed for them should be 
consulted. 

On the basis of depth, burns are elassifìed 
as either partial-thiekness or full-thickness 
burns (figure B). Partial-thiekness burns are 
subdivided into fìrst- and seeond-degree 
burns. First-degree burns involve only the 
epidermis and are red and painful, and slight 
edema (svvelling) may occur. They ean be 
caused by sunburn or brief exposure to hot 

oreold objeets, and they heal in a vveekorso FíglirG A The Rllle Of Nines 


m m 


Head 15% 


% 


Genitalia 1% 


Llpper limb 9% 




Trunk 16% 
(front or baek) 


Lovver limb 18% 


Genitalia 1% 


Lovver limb 17% 


without searring. 

Seeond-degree burns damage the epi- 
dermis and the dermis. Minimal dermal 
damage causes redness, pain, edema, and 
blisters. Healing takes approximately 
weeks, and no searring results. If the burn 
goes deep into the dermis, however, the 
wound appears red, tan, or white; may take 
several months to heal; and might sear. In all 
seeond-degree burns, the epidermis regen- 
erates from epithelial tissue in hair follieles 


(o) In an adult, surface areas ean be estimated using the rule of nines: Eaeh major area of the body is 9%, 
or a multiple of 9%, of the total body surface area. (b) In infants and ehildren, the head represents a 
larger proportion of surface area, and so the rule of nines is not as accurate for ehildren, as ean be seen 
in this illustration of a 5-year-old ehild. 


and sweat glands, as well as from the edges 
of the wound. 

Full-thickness burns are also ealled 
third-degree burns. The epidermis and 
dermis are eompletely destroyed, and 
deepertissue may be involved.Third-degree 


burns are often surrounded by fìrst- and 
seeond-degree burns. Although the areas 
that have fìrst- and seeond-degree burns are 
painful, the region of third-degree burn is 
usually painless because of destmetion 
of sensory reeeptors. Third-degree burns 
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Figure 5.8 Naii ap:r 

(a) Dorsal view of nail and finger. ( b ) Lateral view of a sagittal seetion through the nail and fìnger. 
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appear white, tan, brown, blaek, or deep 
eherry red in eolor. Skin ean regenerate in a 
third-degree burn only from the edges, and 
skin grafts are often neeessary. 

The depth of burns and the pereent of 
BSA affeeted by the burns ean be eombined 
with other eriteria to elassify the seriousness of 
burns. A major burn is a third-degree burn 
over 10% or more of the BSA; a seeond-degree 
burn over 25% or more of the BSA; or a 
seeond- or third-degree burn of the hands, 
feet, faee, genitals, or anal region. Faeial burns 
are often assoeiated with damage to the respi- 
ratorytract,and burnsofjoints often heal with 
sear tissue formation that limits movement. A 
moderate burn is a third-degree burn of 
2%—10% of the BSA or a seeond-degree burn 
of 15%-25% of the BSA. A minor burn is a 
third-degree burn of less than 2% or a seeond- 
degree burn of less than 15% of the BSA. 

Deep partial-thiekness and full-thickness 
burns take a long time to heal and form sear 
tissue with disfìguring and debilitating 
wound contracture. Skin grafts are per- 
formed to prevent these eomplieations and 
to speed healing. In a split skin graft, the 
epidermis and part of the dermis are 
removed from another part of the body 
and are plaeed over the burn. Interstitial 
fluid from the burned area nourishes the 
graft until its dermis beeomes vascularized. 
At the graft donation site, part of the der- 
mis is still present. The deep parts of hair 
follieles and sweat gland ducts are in this 
remaining dermis. These hair follieles and 
sweat gland ducts are a source of epithelial 
eells, which form a new epidermis that eov- 
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Figure B Burns 

Parts of the skin damaged by burns of different degrees. Partial-thiekness burns are subdivided into first- 
degree burns (damage to only the epidermis) and seeond-degree burns (damage to the epidermis and 
part of the dermis). Full-thickness burns or third-degree burns destroy the epidermis, the dermis, and 
sometimes deeper tissues. 


ers the dermis. This is the same proeess of 
epidermis formation that occurs in superfi- 
eial seeond-degree burns. 

When it is not possible or praetieal to 
move skin from one part of the body to a burn 
site, artifìeial skin or grafts from human eadav- 
ers or pigs are used. These techniques are 
often unsatisfactory because the body's 
immune system reeognizes the graft as a for- 
eign substance and rejeets it. A solution to this 


problem is laboratory-grown skin. A pieee of 
healthy skin from the burn vietim is removed 
and plaeed into a flask with nutrients and hor- 
mones that stimulate rapid growth. The skin 
that is produced eonsists only of epidermis 
and does not eontain glands or hair. 
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ANATOMY & PHYSIOLOGY 


5.5 Summary of lntegumentary 

System Functions 

Proteetion 

The integumentary system performs many proteetive functions: 

1. The intaet skin plays an important role in reducing water loss 
because its lipids aet as a barrier to the diffusion of water. 

2. The skin prevents the entry of mieroorganisms and other foreign 
substances into the body. Seeretions from skin glands also 
produce an environment unsuitable for some mieroorganisms. 


3. The stratified squamous epithelium of the skin proteets 
underlying structures against abrasion, and the dermis prevents 
tearing of the skin. 

4. Melanin absorbs ultraviolet light and proteets underlying 
structures from its damaging effeets. 

5. The hair on the head aets as a heat insulator, eyebrows keep 
sweat out of the eyes, eyelashes proteet the eyes from foreign 
objeets, and hair in the nose and ears prevents the entry of dust 
and other materials. 

6. The nails proteet the ends of the digits from damage and ean be 
used in defense. 
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Sensation 

The skin has reeeptors in the epidermis and dermis that ean deteet 
heat, eold, touch, pressure, and pain (see ehapter 12). Although hair 
does not have a nerve supply, movement of the hair ean be deteeted 
by sensory reeeptors around the hair folliele. 

Temperature Regulation 

Body temperature is affeeted by blood flow through the skin. 
When blood vessels (arterioles) in the dermis dilate, there is 
inereased flow of warm blood from deeper structures to the skin, 
and heat loss inereases (figure 5.9, steps 1 and 2). Body temperature 



Blood vessel 
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(vasodilation). 
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epidermis 
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Epidermis 


1. Blood vessel dilation results in 
inereased blood flow toward the 
surface of the skin. 

2. inereased blood flow beneath 
the epidermis results in 
inereased heat loss (gold arrows). 
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3. Blood vessel eonstrietion 
results in deereased blood flow 
toward the surface of the skin. 

4. Deereased blood flow beneath 
the epidermis results in 
deereased heat loss. 

Proeess Figure 5.9 Heat Exchange in the Skin 


tends to inerease as a result of exercise, fever, or an inerease in 
environmental temperature. Homeostasis is maintained by the loss 
of excess heat. To counteract environmental heat gain or to get rid 
of excess heat produced by the body, sweat is produced. The sweat 
spreads over the surface of the skin; as it evaporates, heat is lost 
from the body. 

When blood vessels in the dermis eonstriet, there is deereased 
flow of warm blood from deeper structures to the skin, and heat loss 
deereases (fìgure 5.9, steps 3 and 4). If body temperamre begins to 
drop below normal, heat ean be eonserved by a deerease in the diam- 
eter of dermal blood vessels. 

Contraction of the arreetor pili muscles causes hair to stand on 
end, but, with the sparse amount of hair eovering the body, this does 
not signifieantly reduce heat loss in humans. Hair on the head, how- 
ever, is an effeetive insulator. General temperamre regulation is eon- 
sidered in ehapter 22. 


CASE STUDY 


Frostbite 


Billy was hiking in the mountains during the fall. Unexpectedly, a 
eold front moved in and the temperature dropped to well below 
freezing. Billy was unprepared for the temperature ehange, and he 
did not have a hat or earmuffs. As the temperature dropped, his 
ears and nose beeame pale in eolor. After a continued deerease in 
temperature and continued exposure to the eold, every 15-20 
minutes his ears and nose turned red for 5-10 minutes, then 
beeame pale again. After several hours, Billy managed to hike baek 
to the trail head. By then, he was very ehilled and had no sensation 
in his ears or nose. As he looked in the rearview mirror of his ear, he 
could see that the skin of his ears and nose had turned white. It 
took Billy 2 hours to drive to the nearest emergeney room, where 
he was informed that the white-colored skin meant he had frost- 
bite of his ears and nose. About 2 weeks later, the frostbitten skin 
peeled and, despite treatment with an antibiotie, Billy developed 
an infeetion of his right ear. Eventually, he reeovered, but he lost 
part of his right ear. 


Prediet 


4 


Frostbite is the most eommon type of freezing injury. When skin tempera- 
ture drops below 0°C (32°F), the skin freezes and iee erystal formation 
damagestissues. 

a. llsing figure 5.9, deseribe the meehanism responsible for Billy's ears 
and nose beeoming pale. How is this benefìeial when the ambient 
temperature is deereasing? 

b. Explain what happened when Billy's ears and nose periodieally 
turned red. How is this benefìeial when the ambient temperature is 
very eold? 

e. What is the signifìeanee of Billy's ears and nose turning and staying 
white? 

d. Why is a person with frostbite likely to develop an infeetion of the 
affeeted part of the body? 
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Vitamin D Production 

Vitamin D production begins when a molecule (7-dehydroeholesterol) 
in the skin is exposed to ultraviolet light and is eonverted into a 
vitamin D precursor molecule (eholeealeiferol). The precursor is ear- 
ried by the blood to the liver, where it is modified, and then to the 
kidneys, where the precursor is modified fiirther to form aetive vita- 
min D (ealeitriol). If exposed to enough ultraviolet light, humans 
ean produce all the vitamin D they need. Many people need to 
ingest vitamin D, however, because elothing and indoor living 
reduce their exposure to ultraviolet light. Fatty fish (and fish oils) 
and vitamin D—fortified milk are the best sources of vitamin D. 
Eggs, butter, and liver eontain small amounts of vitamin D but are 
not eonsidered signifieant sources because too large a serving size is 
neeessary to meet daily vitamin D requirements. Adequate levels of 
vitamin D are neeessary because vitamin D stimulates calcium and 
phosphate uptake in the intestines. These substances are neeessary 
for normal bone metabolism (see ehapter 6) and normal muscle 
fimetion (see ehapter 8). 

Excretion 

Excretion is the removal of waste products from the body. In addi- 
tion to water and salts, sweat eontains a small amount of waste 
products, such as urea, uric aeid, and ammonia. Even though large 
amounts of sweat ean be lost from the body, the sweat glands do not 
play a signifieant role in the excretion of waste products. 

28 How does the skin provide proteetion? 

29 List the types of sensations deteeted by reeeptors in the skin. 

30 How does the integumentary system help regulate body 
temperature? 

31 What role does the skin play in the production of vitamin D? What are 
the functions of vitamin D? 

32 What substances are excreted in sweat? Is the skin an important site 
of excretion? 


5.6 The Integiimentary System 

as a Diagnostie Aid 

The integumentary system is useful in diagnosis because it is observed 
easily and often refleets events occurring in other parts of the body. 
For example, eyanosis, a bluish eolor caused by deereased blood oxy- 
gen eontent, is an indieation of impaired circulatory or respiratory 
fimetion. A yellowish skin eolor, jaundice (jawn'dis), ean occur 
when the liver is damaged by a disease such as viral hepatitis. 
Normally, the liver seeretes bile pigments, which are products of the 
breakdown of worn-out red blood eells, into the intestine. Bile pig- 
ments are yellow, and their buildup in the blood and tissues ean 
indieate an impairment of liver fimetion. 

Rashes and lesions in the skin ean be symptoms of problems 
elsewhere in the body. For example, searlet fever results from a bae- 
terial infeetion in the throat. The baeteria release a toxin into the 
blood that causes a pink—red rash in the skin. The development of a 
rash ean also indieate an allergie reaetion to foods or drugs, such as 
penieillin. 


The eondition of the skin, hair, and nails is affeeted by nutri- 
tional status. In vitamin A defieieney the skin produces excess keratin 
and assumes a eharaeteristie sandpaper texture, whereas in iron- 
defieieney anemia the nails lose their normal contour and beeome 
flat or eoneave (spoon-shaped). 

Fiair eoneentrates many substances that ean be deteeted by 
laboratory analysis, and eomparison of a patient’s hair to a “normal” 
hair ean be useful in eertain diagnoses. For example, lead poisoning 
results in high levels of lead in the hair. The use of hair analysis as a 
sereening test to determine the general health or nutritional status of 
an individual is unreliable, however. 

33 What kinds of problems are indieated by eyanosis, jaundice, and 
rashes and lesions in the skin? 

34 How ean the integumentary system be used to determine nutritional 
status and exposure to toxins? 


5.7 Skin eaneer 

Skin eaneer is the most eommon type of eaneer. Most skin eaneers 
result from damage caused by the ultraviolet (UV) radiation in sun- 
light. Some skin eaneers are induced by ehemieals, x-rays, depres- 
sion of the immune system, and inflammation, and some are 
inherited. 

UV radiation damages the genes (DNA) in epidermal eells, 
producing mutations. If a mutation is not repaired, when a eell 
divides by mitosis the mutation is passed to one of the two daughter 
eells. An accumulation of mutations affeeting oneogenes and tumor- 
suppressing genes in epidermal eells ean lead to uncontrolled eell 
division and skin eaneer (see a Cancer,” ehapter 4). 

The amount of proteetive melanin in the skin affeets the likeli- 
hood of developing skin eaneer. Fair-skinned individuals, with less 
melanin, are genetieally predisposed to develop skin eaneer, eom- 
pared with dark-skinned individuals, who have more melanin. Long- 
term or intense exposure to UV radiation also inereases the risk of 
developing skin eaneer. Thus, individuals who are older than 50, who 
have engaged in repeated reereational or occupational exposure to the 
sun, or who have experienced sunburn are at inereased risk. The sites 
of development of most skin eaneers are the parts of the body most 
exposed to sunlight, such as the faee, neek, ears, and dorsum of the 
forearm and hand. 

There are three types of skin eaneer: basal eell eareinoma, squa- 
mous eell eareinoma, and melanoma (figure 5.10). Basal eell earei- 
noma, the most eommon type of skin eaneer, arises from eells in the 
stratum basale. Basal eell eareinomas have a varied appearanee. Some are 
open sores that bleed, ooze, or crust for several weeks. Others are red- 
dish patehes; shiny, pearly, or translucent bumps; or searlike areas of 
shiny, taut skin. A physieian should be consulted for the diagnosis and 
treatment of all skin eaneers. Removal or destmetion of the tumor cures 
most eases of basal eell eareinoma. 

An aetinie keratosis (ak-tin'ik ker-à-tò'sis) is a small, sealy, 
ernsty bump that arises on the surface of the skin. If untreated, about 
2%— 5% of aetinie keratoses ean progress to squamous eell earei- 
noma, the seeond most eommon type of skin eaneer. Squamous eell 
eareinoma arises from eells in the stratum spinosum and ean appear 
as a wartlike growth; a persistent, sealy red pateh; an open sore; or an 
elevated growth with a eentral depression. Bleeding from these 
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(a) Basal eell eareinoma (b) Squamous eell eareinoma (e) Melanoma 


Figlire 5.10 eaneer of the Skin 


lesions ean occur. Removal or destruction of the tumor cures most 
eases of squamous eell eareinoma. 

Melanoma (mel'à-nò'mà) is the least eommon, but most 
deadly, type of skin eaneer, accounting for over 77% of the skin 
eaneer deaths in the United States. Because they arise from melano- 
eytes, most melanomas are blaek or brown, but oeeasionally a mela- 
noma stops producing melanin and appears skin-eolored, pink, red, 
or purple. About 40% of melanomas develop in preexisting moles. 
Treatment of melanomas when they are eonfined to the epidermis is 
almost always successful. If a melanoma invades the dermis and 
metastasizes to other parts of the body, it is difficult to treat and ean 
be deadly. 

Early deteetion and treatment of melanoma before it metastasizes 
ean prevent death. Deteetion of melanoma ean be aeeomplished by 
routine examination of the skin and the applieation of the ABCDE 
rule, in which A stands for asymmetry (one side of the lesion does not 
mateh the other side), B is for border irregularity (the edges are ragged, 
notehed, or blurred), Cis for eolor (pigmentation is not uniform), D is 
for diameter (greater than 6 mm), and E is for evolving (lesion ehanges 
over time). Evolving lesions ehange size, shape, elevation, or eolor; they 
may bleed, crust, iteh, or beeome tender. 

Limiting exposure to the sun and using sunscreens ean reduce the 
likelihood of developing skin eaneer in everyone. Two types of UV 
radiation play a role. Ultraviolet-B (UVB) (290—320 nm) radiation is 
the most potent for causing sunburn, is the main cause of basal and 
squamous eell eareinomas, and is a signifieant cause of melanoma. 
Ultraviolet-A (UVA) (320—400 nm) also contributes to skin eaneer 
development, espeeially melanoma. It also penetrates into the der- 
mis, causing wrinkling and leathering of the skin. A broad-spectrum 
sunscreen, which proteets against both UVB and UVA, with a sun 
proteetion faetor (SPF) of at least 15, is reeommended by the Skin 
Cancer Foundation. 

Someday inereased proteetion against UV radiation may be 
aehieved by stimulating tanning. Melanotan I is being tested. It is a 
synthetie version of melanocyte-stimulating hormone, which stimu- 
lates inereased melanin production by melanoeytes. 

Sunless tanning stains the dead surface eells of the epidermis 
with dihydroxyacetone (DHA). At best, DHA provides a SPF of only 


2 to 4. Although it does not provide adequate proteetion against UV 
radiation, it is benefieial in the sense that a tanned appearanee is 
aehieved without exposing the skin to the damaging effeets of UV 
radiation. 

35 What is the most eommon cause of skin eaneer? Deseribe three types 
of skin eaneer and the risks of eaeh type. 

36 What is the ABCDE rule? 

37 What is the role of UVA and UVB in skin eaneer and aging of the skin? 


5.8 Effeets of Aging 

on the lntegumentary 
Sy ste m 

As the body ages, the skin is more easily damaged because the epidermis 
thins and the amount of eollagen in the dermis deereases. Skin infeetions 
are more likely and repair of the skin occurs more slowly. A deerease in 
the number of elastie fibers in the dermis and loss of fat from the subcu- 
taneous tissue cause the skin to sag and wrinkle. A deerease in the aetiv- 
ity of sweat glands and a deerease in the blood supply to the dermis result 
in a poor ability to regulate body temperature. The skin beeomes drier 
as sebaceous gland aetivity deereases. The number of melanoeytes gener- 
ally deereases, but in some areas the number of melanoeytes inereases to 
produce age spots. Note that age spots are different from freekles, which 
are caused by inereased melanin production. Gray or white hair also 
results because of a deerease in or a laek of melanin production. Skin that 
is exposed to sunlight shows signs of aging more rapidly than nonex- 
posed skin, so avoiding overexposure to sunlight and using sun bloekers 
is advisable. 

38 Compared with young skin, why is aged skin more likely to be 
damaged, wrinkled, and dry? 

39 Why is heat potentially dangerous to the elderly? 

40 What are age spots? 



































Skeletal 

System 


Muscular 

System 


Nervous 

System 


Endoerine 

System 


Cardiovascular 

System 


Lymphatie 
System and 
lmmunity 


Respiratory 

System 


Digestive 

System 


Urinary 

System 


Reproductive 

System 


Effeets of the Integiimentary 
System on Other Systems 

Produces a vitamin D precursor that is 
eonverted to aetive vitamin D, which 
inereases the absorption of the calcium 
and phosphoms neeessary for bone 
growth and maintenanee 

Proteets against abrasion and ultraviolet light 

Produces a vitamin D precursor that is 
eonverted to aetive vitamin D, which 
inereases the absorption of the calcium 
neeessary for muscle eontraetion 

Proteets against abrasion and ultraviolet light 

Contains reeeptors for heat, eold, touch, 
pressure, and pain 


Produces a vitamin D precursor that is 
eonverted in the liver and kidneys to aetive 
vitamin D, which functions as a hormone 

Loss of heat from dermal vessels helps 
regulate body temperature 

Forms a barrier to mieroorganisms 

Langerhans eells deteet foreign substances 


Nasal hair prevents the entry of dust and 
other foreign materials 


Produces a vitamin D precursor that is 
eonverted in the liver and kidneys to 
aetive vitamin D, which inereases the 
absorption of calcium and phosphorus in 
the small intestine 

Reduces water loss 

Removes a very small amount of waste 
products in sweat 

Mammary glands produce milk 

Areolar glands help prevent ehafing during 
nursing 

Covers external genitalia 


Effeets of Other Systems on the 
lntegumentary System 

Provides support (for example, the skin of 
the ears and sealp) 


Moves skin for faeial expressions 

Provides support 

Produces heat 

Regulates body temperature by eontrolling 
the aetivity of sweat glands and blood vessels 

Stimulates arreetor pili to eontraet 

Melanocyte-stimulating hormone 
stimulates inereased melanin production 

Delivers oxygen, nutrients, hormones, and 
immune eells 

Removes earbon dioxide, waste products, 
and toxins 

Immune eells provide proteetion against 
mieroorganisms and toxins and promote 
tissue repair by releasing ehemieal mediators 

Removes excess interstitial fluid 

Provides oxygen and removes earbon dioxide 

Helps maintain the body’s pH 

Provides nutrients and water 


Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 


Sex hormones inerease sebum production 
(contributing to aene), inerease apoerine 
gland seeretion (contributing to body odor), 
and stimulate axillary and pubic hair growth 

inereases melanin production during 
pregnaney 
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Siimmary 


5.1 Fimetions of the lntegumentary 

System <p. 107 ) 

1. The integumentary system eonsists of the skin, hair, glands, and nails. 

2. The integumentary system proteets us from the external environment. 
Other functions include sensation, temperature regulation, vitamin D 
production, and excretion of small amounts of waste products. 

5.2 Skin (p. io 7 ) 

Epidermis 

1. The epidermis is stratified squamous epithelium divided into 
five strata. 

■ Cells are produced in the stratum basale. 

■ The stratum corneum is many layers of dead, squamous eells 
eontaining keratin. The most superficial layers are sloughed. 

2. Keratinization is the transformation of stratum basale eells into stratum 
corneum eells. 

■ Structural strength results from keratin inside the eells and from 
desmosomes, which hold the eells together. 

■ Permeability eharaeteristies result from lipids surrounding 
the eells. 

Thiek andThin Skin 

1. Thiek skin has all five epithelial strata. 

2. Thin skin eontains fewer eell layers per stratum, and the stratum 
lucidum is usually absent. Hair is found only in thin skin. 

Skin eolor 

1. Melanoeytes produce melanin inside melanosomes and then transfer 
the melanin to keratinoeytes. The size and distribution of melanosomes 
determine skin eolor. Melanin production is determined genetieally but 
ean be influenced by ultraviolet light (tanning) and hormones. 

2. Carotene, an ingested plant pigment, ean cause the skin to appear 
yellowish. 

3. inereased blood flow produces a red skin eolor, whereas a deereased 
blood flow causes a pale skin. Deereased oxygen eontent in the blood 
results in a bluish eolor ealled eyanosis. 

Dermis 

1. The dermis is eonneetive tissue divided into two layers. 

2. The papillary layer has projeetions ealled dermal papillae and is areolar 
eonneetive tissue that is well supplied with eapillaries. 

3. The reticular layer is the main layer. It is dense irregular eonneetive 
tissue eonsisting mostly of eollagen. 

5.3 Subcutaneous Tissue <p. 113 ) 

1. Loeated beneath the dermis, the subcutaneous tissue is adipose tissue in 
most loeations. 

2. Subcutaneous tissue attaehes the skin to underlying structures and is a 
site of fat storage. 

5.4 Aeeessory Skin Structures (p. 113 ) 

Hair 

1. Lanugo (fetal hair) is replaeed near the time of birth by terminal hairs 
(sealp, eyelids, and eyebrows) and vellus hairs. At puberty, vellus hairs 
ean be replaeed with terminal hairs. 


2. Hairs are columns of dead, keratinized epithelial eells. Eaeh hair 
eonsists of a shaft (above the skin), root (below the skin), and hair bulb 
(site of hair eell formation). 

3. Hairs have a growth stage and a resting stage. 

4. Contraction of the arreetor pili, which are smooth muscles, causes hair 
to “stand on end” and produces “goose flesh.” 

Glands 

1. Sebaceous glands produce sebum, which oils the hair and the surface of 
the skin. 

2. Eeerine sweat glands produce sweat, which eools the body. 

3. Apoerine sweat glands produce an organie seeretion that ean be broken 
down by baeteria to cause body odor. 

4. Other skin glands include ceruminous glands, which make cerumen 
(earwax), and mammary glands, which produce milk. 

Nails 

1. The nail is stratum corneum eontaining hard keratin. 

2. The nail root is eovered by skin, and the nail body is the visible part of 
the nail. 

3. Nearly all of the nail is formed by the nail matrix, but the nail bed 
contributes. 

4. The lunula is the part of the nail matrix visible through the nail body. 

5.5 Siimmary of lntegumentary System 

Functions <p. ii 7 > 

Proteetion 

1. The skin proteets against abrasion and ultraviolet light, prevents the 
entry of mieroorganisms, helps regulate body temperature, and prevents 
water loss. 

2. Hair proteets against abrasion and ultraviolet light and is a heat insulator. 

3. Nails proteet the ends of the digits. 

Sensation 

The skin eontains sensory reeeptors for heat, eold, touch, pressure, and 

pain. 

Temperature Regulation 

1. Through dilation and eonstrietion of blood vessels, the skin eontrols 
heat loss from the body. 

2. Sweat glands produce sweat, which evaporates and lowers body 
temperature. 

Vitamin D Production 

1. IJltraviolet light stimulates the production of a precursor molecule in 
the skin that is modified by the liver and kidneys into vitamin D. 

2. Vitamin D inereases calcium uptake in the intestines. 

Excretion 

Skin glands remove small amounts of waste products but are not important 

in excretion. 

5.6 The lntegumentary System as a 

Diagnostie Aid <p. 119) 

The integumentary system is easily observed and often refleets events 

occurring in other parts of the body (e.g., eyanosis, jaundice, rashes). 
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5.7 Skin Cancer (p. 119) 

1. Basal eell eareinoma involves the eells of the stratum basale and is 
readily treatable. 

2. Squamous eell eareinoma involves the eells of the stratum spinosum 
and ean metastasize. 

3. Malignant melanoma involves melanoeytes, ean metastasize, and is 
often fatal. 


Review and eomprehension 

5.1 Functions of the lntegumentary 

System (p. 107 ) 

1. The integumentary system 

a. helps regulate body temperature. 

b. is a site of fat storage. 

e. is a site of vitamin E production. 

d. eliminates large amounts of waste products from the body. 

e. all of the above 

5.2 Skin (p. 107 ) 

2. A layer of skin (where mitosis occurs) that replaees eells lost from the 
outer layer of the epidermis is the 

a. stratum corneum. d. reticular layer. 

b. stratum basale. e. subcutaneous tissue. 

e. stratum lucidum. 

For questions 3-7, mateh the layer of the epidermis with the eorreet 
deseription or function: 

a. stratum basale d. stratum lucidum 

b. stratum corneum e. stratum spinosum 

e. stratum granulosum 

3. Production of keratin fibers; formation of lamellar bodies 

4. Desquamation occurs; 23 or more layers of dead squamous eells 

3. Production of eells; melanoeytes produce and contribute melanin; 
hemidesmosomes present 

6. Production of keratohyalin granules; lamellar bodies release lipids; eells die 

7. Dispersion of keratohyalin around keratin fibers; layer appears 
transparent; eells dead 

8. In which of these areas of the body is thiek skin found? 

a. baek of the hand d. bridge of the nose 

b. abdomen e. sole of the foot 

e. over the shin 

9. The fimetion of melanin in the skin is to 

a. lubricate the skin. 

b. prevent skin infeetions. 

e. proteet the skin from ultraviolet light. 

d. reduce water loss. 

e. help regulate body temperature. 

10. Concerning skin eolor, which of these statements is not eorreetly 
matehed? 

a. skin appears yellow—earotene present 

b. no skin pigmentation (albinism)—genetie disorder 
e. skin tans—inereased melanin production 

d. skin appears blue (eyanosis)—oxygenated blood 

e. Afriean-Amerieans darker than whites—more melanin in Afriean- 
Ameriean skin 


5.8 Effeets of Agàng on the 

lntegumentary System (p. 120) 

1. Blood flow to the skin is reduced, the skin beeomes thinner, and 
elastieity is lost. 

2. Sweat and sebaceous glands are less aetive, and the number of 
melanoeytes deereases. 


11. The papillary layer of the dermis is 

a. the layer farthest from the epidermis. 

b. eomposed of dense regular eonneetive tissue. 

e. responsible for the structural strength of the dermis. 

d. responsible for fingerprints and footprints. 

e. responsible for eleavage lines. 

5.3 Subcutaneous Tissue (p. m 

12. Subcutaneous tissue 

a. attaehes the skin to underlying structures. 

b. is part of the integumentary system. 
e. eontains very little adipose tissue. 

d. produces striae when damaged. 

5.4 Aeeessory Skin Structures (p. 113 ) 

13. After birth, the type of hair on the sealp, eyelids, and eyebrows is 

a. lanugo. b. terminal hair. e. vellus hair. 

14. Hair 

a. is produced by the dermal root sheath. 

b. eonsists of living keratinized epithelial eells. 

e. is eolored by melanin. 

d. eontains mostly soft keratin. 

e. grows from the tip. 

15. Given these parts of a hair and hair folliele: 

1. cortex 3. dermal root sheath 5. medulla 

2. cuticle 4. epithelial root sheath 

Arrange the structures in the eorreet order from the outside of the hair 
folliele to the eenter of the hair. 

a. 1,4,3,5,2 e. 3,4,2,1,5 e. 5,4,3,2,1 

b. 2,1,5,3,4 d. 4,3,1,2,5 

16. Concerning hair growth, 

a. hair falls out of the hair folliele at the end of the growth stage. 

b. most of the hair on the body grows continuously. 

e. genetie faetors and the hormone testosterone are involved in 
“pattern baldness.” 

d. eyebrows have a longer growth stage and resting stage than sealp hair. 

17. Smooth muscles that produce “goose bumps” when they eontraet and 
are attaehed to hair follieles are ealled 

a. arreetor pili. e. hair bulbs. 

b. dermal papillae. d. root sheaths. 

18. Eeerine sweat glands 

a. produce an oily, white substance that helps prevent drying of the skin. 

b. usually open into a hair folliele. 

e. seerete a fluid that eools the body. 

d. produce a seeretion broken down by baeteria to produce body odor. 

e. produce ear wax. 
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19. The stratiim corneum of the skin grows onto the nail body as the 

a. cuticle. e. lunula. e. nail matrix. 

b. hyponychium. d. nail bed. 

20. Most of the nail is produced by the 

a. cuticle. e. nail bed. e. dermis. 

b. hyponychium. d. nail matrix. 

5.5 Siimmary of lntegumentary System 

Functions (p. 117) 

21. The skin aids in maintaining the calcium and phosphate levels of the 
body at optimum levels by partieipating in the production of 

a. vitamin A. e. vitamin D. e. keratin. 

b. vitamin B. d. melanin. 

22. Which of these proeesses inerease(s) heat loss from the body? 

a. dilation of dermal blood vessels (arterioles) d. both a and e 

b. eonstrietion of dermal blood vessels (arterioles) e. both b and e 

e. inereased sweating 

5.6 The lntegumentary System as a 

Diagnostie Aid (p. 119) 

23. Which of the following integumentary system eonditions is eorreetly 
matehed with a eondition it ean help diagnose? 

a. eyanosis - liver damage d. flat or eoneave nails - 

b. jaundice - iron-defieieney anemia impaired circulation 

e. rash - allergie reaetion to a drug e. all of the above 


5.7 Skin eaneer <p. 119 ) 

24. Which of the following statements about eaneer is true? 

a. Basal eell eareinoma is the deadliest skin eaneer. 

b. Aetinie keratosis ean progress to melanoma. 

e. Squamous eell eareinoma develops in the deepest stratum of the 
epidermis. 

d. Melanoma is the least eommon type of skin eaneer. 

e. Ultraviolet-A exposure is the main cause of basal and squamous eell 
eareinoma. 

5.8 Effeets of Aging on the lntegumentary 

System (p. 120 ) 

23. As the body ages, 

a. the amount of eollagen in the dermis deereases. 

b. the number of elastie fibers in the skin inereases. 

e. the amount of sweat produced by sweat glands inereases. 

d. sebaceous gland aetivity inereases. 

e. all of the above 

Answers in Appendix E 


eritieal Thinking 


1. The skin of infants is more easily penetrated and injured by abrasion 
than that of adults. Based on this faet, which stratum of the epidermis 
is probably much thinner in infants than in adults? 

2. The rate of water loss from the skin of a hand was measured. Following 
the measurement, the hand was soaked in aleohol for 13 minutes. After 
all the aleohol had been removed from the hand, the rate of water loss 
was again measured. Compared with the rate of water loss before 
soaking the hand in aleohol, what differenee, if any, would you expect 
in the rate of water loss after soaking the hand in aleohol? 

3. Melanoeytes are found primarily in the stramrn basale of the epidermis. 
In referenee to their ffmetion, why does this loeation make sense? 

4. It has been several weeks sinee Goodboy Player has eompeted in a tennis 
mateh. After the mateh, he diseovers that a blister has formed beneath 
an old callus on his foot, and the callus has fallen off. When he examines 
the callus, he diseovers that it appears yellow. Can you explain why? 

5. Harry Fastfeet, a white man, jogs on a eold day. What eolor would you 
expect his skin to be (a) just before starting to run, (b) during the run, 
and (e) 5 minutes after the run? 

6. A woman has streteh marks on her abdomen, yet she states that she has 
never been pregnant. Is this possible? 


7. The lips are muscular folds forming the anterior boundary of the oral 
eavity. A mucous membrane eovers the lips internally and the skin of the 
faee eovers them externally. The vermillion border, which is the red part 
of the lips, is eovered by keratinized epithelium that is the transition 
between the epithelium of the mucous membrane and the faeial skin. 
The vermillion border ean beeome ehapped (dry and eraeked), whereas 
the mucous membrane and the faeial skin do not. Propose as many 
reasons as you ean to explain why the vermillion border is more prone to 
drying than the mucous membrane or faeial skin. 

8. Why are your eyelashes not a foot long? Your fingernails? 

9. Pulling on hair ean be quite painffil, yet cutting hair is not painffil. Explain. 

10. Given what you know about the cause of aene, propose some ways to 
prevent or treat the disorder. 

11. A patient has an ingrown toenail, a eondition in which the nail grows 
into the nail fold. Would cutting the nail away from the nail fold 
permanently eorreet this eondition? Why or why not? 

12. Consider the following statement: Dark-skinned ehildren are more 
susceptible to riekets (insufficient calcium in the bones) than fair- 
skinned ehildren. Defend or reffite this statement. 

Answers in Appendix F 


Visit this book's website at www.mhhe.com/tate2 
for praetiee quizzes, interaetive learning exercises, and 
other study tools. 
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blood vessels bring blood to the bone. The surrounding bone 
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lntroduction 

S itting, standing, walking, pieking up a peneil, and taking 

a breath all involve the skeletal system. It is the structural 
framework that gives the body its shape and provides 
proteetion for internal organs and soft tissues. The term skeleton 
is derived from a Greek word meaning dried, indieating that the 
skeleton is the dried hard parts left after the softer parts are 
removed. Even with the flesh and organs removed, the skeleton 
is easily reeognized as human. Despite its assoeiation with death, 
however, the skeletal system actually eonsists of dynamie, living 
tissues that are eapable of growth, adapt to stress, and undergo 
repair after injury. 


6.1 Functions of the Skeletal 

System 

The skeletal system has four eomponents: bones, eartilage, tendons, 
and ligaments. The flmetions of the skeletal system include 

1. Snpport. Rigid, strong bone is well suited for bearing weight 
and is the major supporting tissue of the body. Cartilage 
provides a firm yet flexible support within eertain structures, 
such as the nose, external ear, thoraeie eage, and traehea. 
Ligaments are strong bands of fibrous eonneetive tissue that 
attaeh to bones and hold them together. 

2. Proteetion. Bone is hard and proteets the organs it surrounds. 

For example, the skull eneloses and proteets the brain, and the 
vertebrae surround the spinal eord. The rib eage proteets the 
heart, lungs, and other organs of the thorax. 

3. Movement. Skeletal muscles attaeh to bones by tendons, which 
are strong bands of eonneetive tissue. Contraction of the 


skeletal muscles moves the bones, producing body 
movements. Joints, which are formed where two or more 
bones eome together, allow movement between bones. 
Smooth eartilage eovers the ends of bones within some 
joints, allowing the bones to move freely. Ligaments allow 
some movement between bones but prevent excessive 
movements. 

4. Storage. Some minerals in the blood are taken into bone and 
stored. Should blood levels of these minerals deerease, the 
minerals are released from bone into the blood. The prineipal 
minerals stored are calcium and phosphoms. Fat (adipose 
tissue) is also stored within bone eavities. If needed, the fats 
are released into the blood and used by other tissues as a 
source of energy. 

3. Blood eellproduction. Many bones eontain eavities filled with 
red bone marrow that gives rise to blood eells and platelets 
(see ehapter 16). 

1 Name the four eomponents of the skeletal system. List the five 
functions of the skeletal system. 

6.2 eartilage 

The three types of eartilage are hyaline eartilage, fibroeartilage, and 
elastie eartilage (see ehapter 4). Although eaeh type of eartilage ean 
provide support, hyaline eartilage is most intimately assoeiated 
with bone. An understanding of hyaline eartilage is important 
because most of the bones in the body develop from it. In addi- 
tion, the growth in length of bones and bone repair often involve 
the production of hyaline eartilage, followed by its replaeement 
with bone. 

Fiyaline eartilage eonsists of speeialized eells that produce a 
matrix surrounding the eells (figure 6.1). Chondroblasts (kon'drò- 
blastz; ehondro is from the Greek word ehondrion, eartilage) are eells 


Perichondrium 


Ohondroblast 


Lacuna 


Chondrocyte 


Nucleus 


Matrix 



Chondrocytes that 
have divided 


Appositional growth 

(new eartilage is added to the surface of the 
eartilage by ehondroblasts from the inner layer of 
the perichondrium) 


Interstitial growth 

(new eartilage is formed within the eartilage by 
ehondroeytes that divide and produce additional 
matrix) 


Figlire 6.1 Hyaline eartilage apir, 

Photomierograph of hyaline eartilage eovered by perichondrium. Chondrocytes within lacunae are surrounded by a eartilage matrix. 
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that produce eartilage matrix. When the matrix surrounds a ehondro- 
blast, it beeomes a ehondroeyte (kon'drò-sìt), which occupies a spaee 
ealled a lacuna (là-koo'nà) within the matrix. The matrix eontains 
eollagen, which provides strength, and proteoglyeans, which make 
eartilage resilient by trapping water (see ehapter 4). 

The perichondrium (per-i-kon'dré-iím) is a double-layered eon- 
neetive tissue sheath eovering most eartilage (see figure 6.1). The outer 
layer of the perichondrium is dense irregular eonneetive tissue eontain- 
ing fibroblasts. The inner, more delieate layer has fewer fibers and 
eontains ehondroblasts. Blood vessels and nerves penetrate the outer 
layer of the perichondrium but do not enter the eartilage matrix, so 
nutrients must diffiise through the eartilage matrix to reaeh the ehon- 
droeytes. Articular (ar-tik'u-làr) eartilage, which is the eartilage eover- 
ing the ends of bones where they eome together to form joints, has no 
perichondrium, blood vessels, or nerves. 


Prediet 



Explain why damaged eartilage takes a long time to heal. What are the 
advantages of articular eartilage having no periehondrmm, blood vessels, 
or nerves? 


Cartilage grows through appositional or interstitial growth (see 
figure 6.1). Appositional growth is the addition of new eartilage 
matrix on the surface of eartilage. Chondroblasts in the inner layer 
of the perichondrium lay down new matrix on the surface of the 
eartilage under the perichondrium. When the ehondroblasts are 
surrounded by matrix, they beeome ehondroeytes in the new layer 
of eartilage. Interstitial growth is the addition of new eartilage 
matrix within eartilage. Chondrocytes within the tissue divide and 
add more matrix between the eells. The addition of new eells and 
matrix inereases the thiekness of the eartilage. 


2 Deseribe the structure of hyaline eartilage. Name two types of 
eartilage eells. What is a lacuna? 

3 Deseribe the eonneetive tissue and eells found in both layers of the 
perichondrium. How do nutrients from blood vessels in the 
perichondrium reaeh the ehondroeytes? 

4 Deseribe appositional and interstitial growth of eartilage. 

6.3 Bone Histology 

Bone eonsists of extracellular bone matrix and bone eells. The eompo- 
sition of the bone matrix is responsible for the eharaeteristies of bone. 
The bone eells produce the bone matrix, beeome entrapped within it, 
and break it down so that new matrix ean replaee the old matrix. 

Bone Matrix 

By weight, mature bone matrix normally is approximately 35% organie 
and 65% inorganie material. The organie material eonsists primarily of 
eollagen and proteoglyeans. The inorganie material eonsists primarily of 
a calcium phosphate erystal ealled hydroxyapatite (hi-drok' sé-ap-à-tlt), 
which has the molecular formula Caio(P 04 ) 6 (OH) 2 . 

The eollagen and mineral eomponents are responsible for the 
major fiinetional eharaeteristies of bone. Bone matrix might be said 
to resemble reinforeed eonerete. Collagen, like reinforeing steel bars, 
lends flexible strength to the matrix, whereas the mineral eompo- 
nents, like eonerete, give the matrix eompression (weight-bearing) 
strength. 

If all the mineral is removed from a long bone, eollagen beeomes 
the primary constituent, and the bone beeomes overly flexible. On 
the other hand, if the eollagen is removed from the bone, the mineral 
eomponent beeomes the primary constituent, and the bone is very 
brittle (figure 6.2). 



(a) 



Without 

eollagen 


V 4 




(b) (e) 

Figure 6.2 Effeets of ehanging the Bone Matrix 

{a) Normal bone. (b) Demineralized bone, in which eollagen is the primary remaining eomponent, ean be bent without breaking. (e) When eollagen is removed, 
mineral is the primary remaining eomponent, making the bone so brittle that it is easily shattered. 
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Osteogenesis imperfeeta 

Osteogenesis imperfeeta (01) (os'té-ó-jen'é-sis im-per-fek'tà, 
imperfeet bone formation) is a rare disorder caused by any one of a 
number of faulty genes that results in either too little eollagen forma- 
tion or a poor quality of eollagen. As a result, bone matrix has 
deereased flexibility and is more easily broken than normal bone. 
Osteogenesis imperfeeta is also knovvn as the "brittle bone"disorder. In 
mild forms of the disorder, ehildren may appear normal except for a 
history of broken bones. It is important for ehildren vvith 01 to be 
properly diagnosed because broken bones ean be assoeiated vvith 
ehild abuse. Over a lifetime, the number of fractures ean vary from a 
fevv to more than 100. In more severe forms of the disorder, fractures 
heal in poor alignment, resulting in bent limbs, short stature, curved 
spine, and small thorax. 


Prediet 



ln general, the bones of elderly people break more easily than the bones of 
younger people. Give as many possible explanations as you ean for this 
observation. 


Bone Cells 

Bone eells are eategorized as osteoblasts, osteoeytes, and osteoelasts, 
which have diííerent fhnetions and origins. 

Osteoblasts 

Osteoblasts (os'té-ò-blastz) produce new bone matrix. They have an 
extensive endoplasmie reticulum, numerous ribosomes, and Golgi 
apparatuses. Osteoblasts produce eollagen and proteoglyeans, which 
are paekaged into vesieles by the Golgi apparatus and released from 
the eell by exocytosis. Osteoblasts also release matrix vesieles, which 
are membrane-bound saes formed when the plasma membrane buds, 
or protrudes outward, and pinehes oíf. The matrix vesieles eoneen- 
trate Ca 2+ and PO 4 3- and form needlelike hydroxyapatite erystals. 
When the hydroxyapatite erystals are released from the matrix 
vesieles, they aet as templates, or “seeds,” which stimulate further 
hydroxyapatite formation and mineralization of the matrix. 

Ossifieation (os'i-fi-kà'shun), or osteogenesis (os'té-ò-jen'é- 
sis), is the formation of bone by osteoblasts. Ossifieation occurs by 
appositional growth on the surface of previously existing bone or 
eartilage. For example, osteoblasts beneath the periosteum eover the 
surface of preexisting bone (figure 6.3). Elongated eell proeesses from 
osteoblasts eonneet to eell proeesses of other osteoblasts through gap 
junctions (see ehapter 4). Bone matrix produced by the osteoblasts 
eovers the older bone surface and surrounds the osteoblast eell bodies 
and proeesses. In a sense, the eell bodies and proeesses form a “mold” 
around which the matrix is formed during ossifieation. The result is 
a new layer of bone. 

Osteoeytes 

Osteoeytes (os'té-ò-sltz) are mature bone eells that maintain the 
bone matrix. Onee an osteoblast beeomes surrounded by bone 
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Figure 6.3 Ossifieation 

( a ) On a preexisting surface, such as eartilage or bone, osteoblast eell proeesses 
join together. (ò) Osteoblasts have produced bone matrix and are novv 
osteoeytes. (e) Photomierograph of an osteoeyte in a lacuna vvith eell proeesses 
in the canaliculi. 


matrix, it beeomes an osteoeyte. The spaees occupied by the osteo- 
eyte eell bodies are ealled lacunae (là-koo'né), and the spaees occu- 
pied by the osteoeyte eell proeesses are ealled canaliculi 
(kan-à-lik'u-ll, little eanals) (see figure 6.3c). Bone differs from 
eartilage in that the proeesses of bone eells are in eontaet with one 
another through the canaliculi. Instead of diffusing through the 
mineralized matrix, nutrients and gases ean pass through the small 
amount of fluid surrounding the eells in the canaliculi and lacunae 
or pass from eell to eell through the gap junctions eonneeting the 
eell proeesses. 

Osteoelasts 

Osteoelasts (os'té-ò-klastz) are responsible for the resorption, or 
breakdown, of bone. They are large eells with several nuclei. 
Osteoelasts release H + , which produce an aeid environment neees- 
sary for the deealeifieation of the bone matrix. The osteoelasts also 
release enzymes that digest the protein eomponents of the matrix. 
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Through the proeess of endoeytosis, some of the breakdown products 
of bone resorption are taken into the osteoelast. 

Origin of Bone eells 

Connective tissue develops embryologieally from mesenehymal 
eells (see ehapter 4). Some of the mesenehymal eells beeome eom- 
mitted stem eells, which ean replieate and give rise to more spe- 
eialized eell types. Osteoehondral progenitor eells are eommitted 
stem eells that ean beeome osteoblasts or ehondroblasts. Osteoehon- 
dral progenitor eells are loeated in the inner layer of the periehon- 
drium, the inner layer of the periosteum, and the endosteum. From 
these loeations, they are a potential source of new osteoblasts or 
ehondroblasts. 

Osteoblasts are derived from osteoehondral progenitor eells, 
and osteoeytes are derived from osteoblasts. Osteoelasts are 
derived from stem eells in red bone marrow that give rise to eells 
speeialized for phagoeytosis-osteoelasts in bone and maerophages 
in many tissues. 

5 Name the eomponents of bone matrix, and explain their contribution 
to bone flexibility and the ability of bones to bear weight. 

6 What are the functions of osteoblasts, osteoeytes, and osteoelasts? 

7 Deseribe the formation of new bone by appositional growth. Name 
the spaees that are occupied by osteoeyte eell bodies and eell 
proeesses. 

8 What eells give rise to osteoehondral progenitor eells? What kinds of 
eells are derived from osteoehondral progenitor eells? What types of 
eells give rise to osteoelasts? 

Woven and Lamellar Bone 

Bone tissue is elassified as either woven or lamellar bone, aeeord- 
ing to the organization of eollagen fibers within the bone matrix. 
In woven bone, the eollagen fibers are randomly oriented in many 
direetions. Woven bone is first formed during fetal development or 
during the repair of a fracture. After its formation, osteoelasts 
break down the woven bone and osteoblasts build new matrix. The 
proeess of removing old bone and adding new bone is ealled 
remodeling. It is an important proeess discussed later in this 
ehapter (see “Bone Remodeling,” p. 138). Woven bone is remod- 
eled to form lamellar bone. 

Lamellar bone is mature bone that is organized into thin sheets 
or layers approximately 3—7 mierometers (pm) thiek ealled lamellae 
(là-mel'é). In general, the eollagen fibers of one lamella lie parallel to 
one another, but at an angle to the eollagen fibers in the adjaeent 
lamellae. Osteoeytes, within their lacunae, are arranged in layers 
sandwiched between lamellae. 

Spongy and eompaet Bone 

Bone, whether woven or lamellar, ean be elassified aeeording to the 
amount of bone matrix relative to the amount of spaee present 
within the bone. Spongy bone has less bone matrix and more spaee 
than eompaet bone, which has more bone matrix and less spaee than 
spongy bone. 

Spongy bone, or cancellous (lattiee) bone, appears porous 
(figure 6.4a). It eonsists of thin rods or plates of intereonneeting 
bone ealled trabeculae (trà-bek'u-lé, beam) with spaees between the 



Figlire 6.4 Spongy Bone af;r 

(a) Beams of bone, the trabeculae, surround spaees in the bone. In life, the 
spaees are fìlled with red or yellow bone marrow and with blood vessels. 

(b) Transverse seetion of a trabecula. 


trabeculae. The trabeculae bear weight and help bones resist bending 
and stretehing. If the stress on a bone is ehanged slightly (e.g., 
because of a fracture that heals improperly), the trabeculae realign 
with the new lines of stress. In life, the spaees between the trabeculae 
are filled with bone marrow and blood vessels. 

Most trabeculae are thin (30—400 pm) and eonsist of several 
lamellae with osteoeytes loeated in lacunae between the lamellae 
(figure 6Ab). Eaeh osteoeyte is assoeiated with other osteoeytes 
through canaliculi. Usually, no blood vessels penetrate the trabeculae, 
so osteoeytes must obtain nutrients through their canaliculi. The 
surfaces of trabeculae are eovered with a single layer of eells eonsist- 
ing mostly of osteoblasts with a few osteoelasts. 

Compact bone (figure 6.5) is denser and has fewer spaees than 
spongy bone. Blood vessels enter the substance of the bone itself, 
and the lamellae of eompaet bone are primarily oriented around 
those blood vessels. Vessels that run parallel to the long axis of 
the bone are eontained within eentral eanals, or haversian 
(ha-ver'shan), eanals. Concentric lamellae are circular layers of 
bone matrix that surround the eentral eanal. An osteon (os'té-on), 
or haversian system, eonsists of a single eentral eanal, its eontents, 
and assoeiated eoneentrie lamellae and osteoeytes. In eross seetion, 
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Figlire 6.5 eompaet Bone ÌZLRJ 

( a ) Compact bone eonsists mainly of osteons, which are eoneentrie lamellae surrounding blood vessels within eentral eanals.The outer surface of the bone is formed 
by circumferential lamellae, and bone between the osteons eonsists of interstitial lamellae. (b) Photomierograph of an osteon.The blood vessels within the eentral 
eanal and the osteoeytes within the lacunae are lost during slide preparation. 


an osteon resembles a circular target; the a buirs-eye” of the target 
is the eentral eanal, and 4—20 eoneentrie lamellae form the rings. 
Osteoeytes are loeated in lacunae between the lamellar rings, and 
canaliculi eonneet lacunae, producing the appearanee of minute 
eraeks aeross the rings of the target. 

The outer surfaces of eompaet bone are formed by circumfer- 
ential lamellae, which are thin plates that extend around the bone 
(see figure 6.5). In between the osteons are interstitial lamellae, 


which are remnants of eoneentrie or circumferential lamellae that 
were partially removed during bone remodeling. 

Osteoeytes reeeive nutrients and eliminate waste products 
through the eanal system within eompaet bone. Blood vessels from 
the periosteum or medullary eavity enter the bone through perfo- 
rating eanals, or Volkmann’s eanals, which run perpendicular to 
the long axis of the bone (see figure 6.5). Blood vessels from the 
perforating eanals join blood vessels in the eentral eanals. 
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Nutrients in the blood vessels enter the eentral eanals, pass into 
the canaliculi, and move through the eytoplasm of the osteoeytes 
that occupy the canaliculi and lacunae to the most peripheral eells 
within eaeh osteon. Waste products are removed in the reverse 
direetion. 

9 Distinguish between woven bone and lamellar bone. Where is woven 
bonefound? 

10 Deseribe the structure of spongy bone. What are trabeculae, and 
what is their function? How do osteoeytes within trabeculae obtain 
nutrients? 

11 Deseribe the structure of eompaet bone. What is an osteon? Name 
three types of lamellae found in eompaet bone. 

12 Traee the pathway nutrients must follow to go from blood vessels in 
the periosteum to osteoeytes within osteons. 


Prediet 



Compact bone has perforating and eentral eanals. Why isn't such a eanal 
system neeessary in spongy bone? 


6.4 Bone Anatomy 

Bone Shapes 

Individual bones are elassified aeeording to their shape as long, 
short, flat, or irregular. Long bones are longer than they are wide. 
Most of the bones of the upper and lower limbs are long bones. 
Short bones are about as wide as they are long. They are nearly 
cube-shaped or round and are exemplified by the bones of the wrist 
(earpal bones) and ankle (tarsal bones). Flat bones have a relatively 
thin, flattened shape and are usually curved. Examples of flat bones 
are eertain skull bones, the ribs, the breastbone (sternum), and the 
shoulder blades (scapulae). Irregular bones, such as the vertebrae 
and faeial bones, have shapes that do not fit readily into the other 
three eategories. 

Structure of a Long Bone 

Individual bones are eomposed of spongy and eompaet bone. 
Spongy bone has many spaees, whereas eompaet bone has fewer 
spaees and is more dense (see “Spongy and Compact Bone,” p. 129). 
The diaphysis (dl-af'i-sis), or shaft, of a long bone is eomposed 
primarily of eompaet bone (figure 6.6a and b). The end of a long 
bone is mostly spongy bone, with an outer layer of eompaet bone. 
Within joints, the end of a long bone is eovered with hyaline ear- 
tilage ealled articular eartilage. A long bone that is still growing 
has an epiphyseal plate (see figure 6.6a ), or growth plate, eom- 
posed of eartilage, between the diaphysis and the end of the bone, 
which is ealled an epiphysis (e-pif'i-sis, growing upon). The 
epiphyseal plate is the site of growth in bone length. When bone 
growth stops, the eartilage of the epiphyseal plate is replaeed by 
bone and is ealled an epiphyseal line (see figure 6.6b). Eaeh long 
bone of the arm, forearm, thigh, and leg has one or more epiphyses 
(e-pif' i-séz) on eaeh end of the bone. Eaeh long bone of the hand 
and foot has one epiphysis, which is loeated on the proximal or 
distal end of the bone. 


The diaphysis of a long bone ean have a large internal spaee ealled 
the medullary eavity. The eavities of spongy bone and the medullary 
eavity are filled with marrow. Red bone marrow is the site of blood 
eell formation, and yellow bone marrow is mostly adipose tissue. In 
the fetus, the spaees within bones are filled with red bone marrow. 
The eonversion of red bone marrow to yellow bone marrow begins 
just before birth and continues well into adulthood. Yellow bone 
marrow eompletely replaees the red bone marrow in the long bones 
of the limbs, except for some red bone marrow in the proximal part 
of the arm and thigh bones. Elsewhere, varying proportions of yellow 
and red bone marrow are found. In some loeations, red bone marrow 
is eompletely replaeed by yellow bone marrow; in others, there is a 
mixture of red and yellow bone marrow. For example, part of the hip 
bone (ilium) may eontain 50% red bone marrow and 50% yellow 
bone marrow. Furthermore, the proportion of red bone marrow ean 
inerease when the demand for red blood eells is high and deerease 
when it is low. Marrow from the hip bone is used as a source for 
donating red bone marrow because it is a large bone with more mar- 
row than smaller bones and it is aeeessed relatively easily. 

The periosteum (per-é-os'té-um, peri, around + osteon, bone) 
is a eonneetive tissue membrane that eovers the outer surface of a bone 
(figure 6.6c). The outer fibrous layer is dense irregular collagenous eon- 
neetive tissue eontaining blood vessels and nerves. The inner cellular 
layer is a single layer of bone eells, which includes osteoblasts, osteo- 
elasts, and osteoehondral progenitor eells (see “Bone Cells,” p. 128). 

The endosteum (en-dos'té-iim) is a single layer of eells lining the 
internal surfaces of all eavities within bones, such as the medullary 
eavity of the diaphysis and the smaller eavities in spongy and eompaet 
bone (see figure 6.6c). The endosteum includes osteoblasts, osteo- 
elasts, and osteoehondral progenitor eells (see “Bone Cells,” p. 128). 


Structure of Flat, Short, and 
lrregular Bones 

Flat bones eontain an interior framework of spongy bone sandwiched 
between two layers of eompaet bone. Short and irregular bones have a 
eomposition similar to the ends of long bones. They have eompaet bone 
surfaces that surround a spongy bone eenter with small spaees that usu- 
ally are filled with marrow. Short and irregular bones are not elongated 
and have no diaphyses. Certain regions of these bones, however, such as 
the proeesses (projeetions) of irregular bones, possess epiphyseal growth 
plates and therefore have small epiphyses. 

Some of the flat and irregular bones of the skull have air-filled 
spaees ealled sinuses (sl'nus-éz; see ehapter 7), which are lined by 
mucous membranes. 

13 List the four basie shapes of individual bones, and give an example of 
eaeh. 

14 Define the diaphysis, epiphysis, epiphyseal plate, and epiphyseal line 
of a long bone. 

15 What are red bone marrow and yellow bone marrow? Where are they 
loeated in a ehild and in an adult? 

16 Where are the periosteum and endosteum loeated? What types of 
eells are found in the periosteum and endosteum? 

17 Compare the structure of long bones with the structure of flat, short, 
and irregular bones. How are eompaet bone and spongy bone 
arranged in eaeh? 
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Figure 6.6 Long Bone 

The femur (thighbone) is a long bone. (a) Young long bone shovving epiphyses, epiphyseal plates, and diaphysis.The femur is unusual in that it has tvvo epiphyses at its 
proximal end. ( b ) Adult long bone vvith epiphyseal lines.The adult bone bears more vveight and has eorrespondingly more trabeculae in the spongy bone than does 
the young bone. (e) Internal features of a portion of the diaphysis in ( a ). 
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6.5 Bone Development 

Bones develop in the fetus by intramembranous or endoehondral 
ossifieation. Both proeesses involve the formation of bone matrix on 
preexisting eonneetive tissue. Both methods initially produce woven 
bone, which is then remodeled. After remodeling, bone formed by 
intramembranous ossifieation eannot be distinguished from bone 
formed by endoehondral ossifieation. 

lntramembranous Ossíf eation 

Intramembranous (in'trà-mem'brà-niis, within membranes) ossifi- 
eation is the formation of bone within a eonneetive tissue membrane. 


At about the eighth week of development, a eonneetive tissue mem- 
brane has formed around the developing brain. Intramembranous 
ossifieation begins when osteoehondral progenitor eells speeialize to 
beeome osteoblasts. The osteoblasts lay down bone matrix on the eol- 
lagen fibers of the eonneetive tissue membrane, forming many, tiny 
trabeculae ofwoven bone (figure 6.7, step 1). Tbe trabeculae enlarge as 
additional osteoblasts lay down bone matrix on their surfaces (figure 6.7, 
step 2). Spongy bone forms as the trabeculae join together, resulting 
in an intereonneeted network of trabeculae separated by spaees. Red 
bone marrow develops within the spaees, and eells surrounding the 
developing bone speeialize to form the periosteum. Osteoblasts from 
the periosteum lay down bone matrix to form an outer surface of 



Osteoblast 


Osteoeyte 


Bone matrix of 
trabecula 



1. A eross seetion of a newly formed trabecula shows 
the youngest bone in this series of 
photomierographs. Osteoeytes are surrounded by 
bone matrix, and osteoblasts are forming a ring on 
the outer surface of the trabecula. As the 
osteoblasts lay down bone, the trabeculae inerease 
in 
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2. A lower magnifieation shows older bone than in step 1 
Spongy bone has formed as a result of the 
enlargement and intereonneetions of many trabeculae 
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3. A lower magnifieation than in step 2, with a 
different stain that makes the bone appear 
blue, shows the oldest bone in this series. 
Within the spongy bone are trabeculae {blue) 
and developing red bone marrow (p/n/e). 
Beneath the periosteum is an outer layer of 
developing eompaet bone. 


Connective 
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Proeess Figure 6.7 intramembranous ossifieation 

The inset ( lovverleft ) shows a 12-week-old fetus. Bones formed by intramembranous ossifieation areye//owand bones formed by endoehondral ossifkation are blue. 
lntramembranous ossifieation starts at a eenter of ossifieation and expands outward.Therefore, the youngest bone is at the edge of the expanding bone, and the 
oldest bone is at the eenter of ossifieation. © R. Kessel/Visuals Llnlimited. 

































134 


ehapter 6 


eompaet bone (figiire 6.7, step 3). Remodeling eonverts woven bone to 
lamellar bone and contributes to the final shape of the bone. 

Centers of ossifieation are the loeations in the membrane 
where ossifieation begins. The eenters of ossifieation expand to form 
a bone by gradually ossifying the membrane. Thus, the eenters of 
ossifieation have the oldest bone and the expanding edges the 
youngest bone. The larger membrane-eovered spaees between the 
developing skull bones that have not yet been ossified are ealled 
fontanels, or soft spots (figure 6.8) (see ehapter 7). The bones even- 
tually grow together, and all the fontanels have usually elosed by 
2 years of age. Many skull bones, part of the mandible (lower jaw), 
and the diaphyses of the elavieles (eollarbones) develop by intra- 
membranous ossifieation. 


Endoehondral Ossi ieation 

Endoehondral (en-dò-kon'dràl, within eartilage) ossifieation is the 
formation of bone within eartilage. Bones of the base of the skull, 
part of the mandible, the epiphyses of the elavieles, and most of the 
remaining skeletal system develop through endoehondral ossifieation 
(see figures 6.7 and 6.8). 

1. Osteoehondral progenitor eells speeialize to beeome 
ehondroblasts that produce a hyaline eartilage model having 
the approximate shape of the bone that will later be formed 
(figure 6.9, step 1). The eartilage model is surrounded by 
perichondrium, except where a joint will form eonneeting one 
bone to another bone. 

2. Osteoehondral progenitor eells within the perichondrium 
beeome osteoblasts that produce a bone eollar around part of 
the outer surface of the diaphysis. The perichondrium beeomes 
the periosteum onee bone is produced (figure 6.9, step 2). 


Fontanel- 

Intramembranoiis 
bones forming 


Oartilage 


Endoehondral 
bones forming 



Figure 6.8 Bone Formation in a Fetus 

An 18-week-old fetus showing intramembranous and endoehondral 
ossifieation. lntramembranous ossifieation occurs at eenters of ossifieation in the 
flat bones of the skull. Endoehondral ossifìeation has formed bones in the 
diaphyses of long bones.The ends ofthe long bones are still eartilage atthis 
stage of development. 


Chondrocytes within the eartilage model hypertrophy 
(hl-per'trò-fé), or enlarge. Calcified eartilage is formed as the 
ehondroeytes release matrix vesieles, which initiate the formation 
of hydroxyapatite erystals. The ehondroeytes in the ealeified 
eartilage eventually die, leaving enlarged lacunae with thin walls 
of ealeified matrix. 

3. Blood vessels grow into the ealeified eartilage, bringing 
osteoblasts and osteoelasts from the periosteum. A primary 
ossifieation eenter forms as the osteoblasts lay down bone 
matrix on the surface of the ealeified eartilage (figure 6.9, step 
3). Spongy bone is formed and remodeled. Red bone marrow 
forms within the spaees of the spongy bone. 

4. The eartilage model continues to grow and the bone eollar and 
area of ealeified eartilage enlarge (figure 6.9, step 4). Osteoelasts 
remove bone from the eenter of the diaphysis to form the 
medullary eavity. Within the epiphyses, ealeified eartilage is 
formed. 

3. Blood vessels grow into the ealeified eartilage of eaeh 
epiphysis, and a seeondary ossifieation eenter forms as 
osteoblasts lay down bone matrix on the surface of the 
ealeified eartilage (figure 6.9, step 3). The events occurring at 
the seeondary ossifieation eenters are the same as those 
occurring at the primary ossifieation eenters, except that the 
spaees in the epiphyses do not enlarge to form a medullary 
eavity as in the diaphysis. Primary ossifieation eenters appear 
during early fetal development, whereas seeondary ossifieation 
eenters appear in the proximal epiphysis of the femur, 
humerus, and tibia about 1 month before birth. A baby is 
eonsidered full-term if one of these three ossifieation eenters 
ean be seen on radiographs at the time of birth. At about 
18—20 years of age, the last seeondary ossifieation eenter 
appears in the medial epiphysis of the elaviele. 

6. Replaeement of eartilage by bone continues in the eartilage 
model until all the eartilage, except that in the epiphyseal 
plate and on articular surfaces, has been replaeed by bone 
(figure 6.9, step 6). 

7. In mature bone, spongy and eompaet bone are fully developed, 
and the epiphyseal plate has beeome the epiphyseal line. The 
only eartilage present is the articular eartilage at the ends of the 
bone (figure 6.9, step 7). 

18 Deseribe the formation of spongy and eompaet bone during 
intramembranous ossifìeation. What are eenters of ossifieation? What 
are fontanels? 

19 For the proeess of endoehondral ossifkation, deseribe the 
formation of these structures: eartilage model, bone eollar, ealeified 
eartilage, primary ossifkation eenter, medullary eavity, seeondary 
ossifkation eenter, epiphyseal plate, epiphyseal line, and articular 
eartilage. 

20 When do primary and seeondary ossifkation eenters appear during 
endoehondral ossifkation? 


Prediet 



During endoehondral ossifieation, ealeifieation of eartilage results in the death 
of ehondroeytes. However, ossifieation of the bone matrixdoes not result in 
the death of osteoeytes. Explain. 
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3. A primary ossifieation eenter 
forms as blood vessels and 
osteoblasts invade the ealeified 
eartilage. The osteoblasts lay 
down bone matrix, forming 
spongy bone. 


4. The proeess of bone eollar formation, 
eartilage ealeifieation, and spongy bone 
production continues. Calcified eartilage 
begins to form in the epiphyses. A 
medullary eavity begins to form in the 
eenter of the diaphysis. 
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7. In a mature bone, the epiphyseal plate 
has beeome the epiphyseal line, and all 
the eartilage in the epiphysis, except the 
articular eartilage, has beeome bone. 


6. The original eartilage model is almost 
eompletely ossified. Llnossified eartilage 
beeomes the epiphyseal plate and the 
articular eartilage. 


5. Seeondary ossifieation eenters form 
in the epiphyses of long bones. 


Proeess Figure 6.9 Endoehondral ossifieation 

Endoehondral ossifieation begins with the formation of a eartilage model. See successive steps as indieated by the bluearrows. 


6.6 Bone Grovvth 

Unlike eartilage, bones eannot grow by interstitial growth. Bones 
inerease in size only by appositional growth, the formation of new 
bone on the surface of older bone or eartilage. For example, trabeculae 
grow in size by the deposition of new bone matrix by osteoblasts onto 
the surface of the trabeculae (see figure 6.7, step 1). 


Prediet 



Explain why bones eannot undergo interstitial growth, as does eartilage. 


Grovvth in Bone Length 

Long bones and bony projeetions inerease in length because of growth 
at the epiphyseal plate. Growth at the epiphyseal plate involves the 
formation of new eartilage by interstitial eartilage growth followed by 
appositional bone growth on the surface of the eartilage. The epiph- 
yseal plate is organized into four zones (figure 6.10). The zone of 
resting eartilage is nearest the epiphysis and eontains ehondroeytes 
that do not divide rapidly. The ehondroeytes in the zone of prolif- 
eration produce new eartilage through interstitial eartilage growth. 
The ehondroeytes divide and form columns resembling staeks of 
plates or eoins. In the zone of hypertrophy, the ehondroeytes 
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epiphysis. 
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eartilage is produced on the 
epiphyseal side of the plate as the 
ehondroeytes divide and form 
staeks of eells. 

3. Zone of hypertrophy. Chondrocytes 
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4. Zone of ealeifieation. Matrix is 
ealeified, and ehondroeytes die. 

5. Ossified bone. The ealeified 
eartilage on the diaphyseal side 
of the plate is replaeed by bone. 



(b) Diaphyseal side 


Proeess Figure 6.10 Epiphyseal Plate 

(a) Radiograph and drawing of the knee, showing the epiphyseal plate of the tibia (shinbone). Because eartilage does not appear readily on radiographs, the 
epiphyseal plate appears as a blaek area between the white diaphysis and the epiphyses. (ò) Zones of the epiphyseal plate and newly ossifìed bone. 


produced in the zone of proliferation mature and enlarge. The zone 
of ealeifieation is very thin and eontains hypertrophied ehondroeytes 
and ealeified eartilage matrix. The hypertrophied ehondroeytes die 
and are replaeed by osteoblasts from the endosteum. Through appo- 
sitional bone growth, the osteoblasts deposit new bone matrix on the 
ealeified eartilage matrix. The part of the diaphysis in a growing bone 
where this ossifieation occurs is sometimes ealled the metaphysis 
(mé-taf'i-sis). The proeess of eartilage ealeifieation and ossifieation in 
the epiphyseal plate occurs by the same basie proeess as the ealeifiea- 
tion and ossifieation of the eartilage model during endoehondral 
bone formation. 

As new eartilage eells form in the zone of proliferation, and as 
these eells enlarge in the zone of hypertrophy, the overall length of 
the diaphysis inereases (figure 6.11). The thiekness of the epiphyseal 
plate does not inerease, however, because the rate of eartilage growth 
on the epiphyseal side of the plate is equal to the rate at which earti- 
lage is replaeed by bone on the diaphyseal side of the plate. 

As the bones aehieve normal adult size, growth in bone length 
eeases because the epiphyseal plate is ossified and beeomes the 
epiphyseal line. This event, ealled closure of the epiphyseal plate, 
occurs between approximately 12 and 25 years of age, depending on 
the bone and the individual. 

Growth at Articular eartilage 

Bone growth at the articular eartilage also inereases the size of bones. 
The proeess of growth in articular eartilage is similar to that occur- 


ring in the epiphyseal plate, except that the ehondroeyte columns are 
not as obvious. When bones reaeh their full size, the growth of 
articular eartilage and its replaeement by bone eease. The articular 
eartilage, however, persists throughout life and does not beeome ossi- 
fied as does the epiphyseal plate. 


Prediet 



Growth at the epiphyseal plate stops when the epiphyseal eartilage beeomes 
ossified.The articular eartilage, however, does not beeome ossified when 
growth of the epiphysis eeases. Explain why it is advantageous for the articular 
eartilage not to be ossified. 


Growth in Bone W dth 

Long bones inerease in width (diameter) and other bones inerease in 
size or thiekness through appositional bone growth beneath the 
periosteum. When bone growth in width is rapid, as in young bones 
or in bones during puberty, osteoblasts from the periosteum lay 
down bone to form a series of ridges with grooves between them 
(figure 6.12, step 1). The periosteum eovers the bone ridges and 
extends down into the bottom of the grooves, and one or more 
blood vessels of the periosteum lie within eaeh groove. As the osteo- 
blasts continue to produce bone, the ridges inerease in size, extend 
toward eaeh other, and meet to ehange the groove into a tunnel 
(figure 6.12, step 2). The name of the periosteum in the tunnel 
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1. Chondrocyte replieation and 
hypertrophy result in 
interstitial eartilage grovvth. 

2. Interstitial eartilage grovvth 
inereases the length of the 
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3. Ossifieation of ealeified 
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bone on the diaphyseal side 
of the epiphyseal plate. 

4. The thiekness of the epiphyseal 
plate remains unchanged 
because the addition of 
eartilage through interstitial 
eartilage grovvth occurs at the 
same rate as the addition of 
bone through ossifieation of 
ealeified eartilage. 
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Proeess Figure 6.11 Bone Growth in Length at the Epiphyseal Plate 


1. Osteoblasts beneath 
the periosteum lay 
dovvn bone (dark 
brown) to form ridges 
separated by grooves. 
Blood vessels of the 
periosteum lie in the 
grooves. 


Periosteum 



Osteoblast 

Ridge 


Groove 


Blood vessel 


2. The groove is 
transformed into a 
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ridges meets. The 
periosteum of the 
groove beeomes the 
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tunnel. 



Periosteum 


Endosteum 

Osteoblast 


Tunnel 


3. Appositional grovvth by 
osteoblasts from the 
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Proeess Figure 6.12 Bone Growth in Width .ap r 

Bones ean inerease in vvidth by the formation of nevv osteons beneath the periosteum. 


ehanges to endosteum because the membrane now lines an internal 
bone surface. Osteoblasts from the endosteum lay down bone to 
form a eoneentrie lamella (figure 6.12, step 3). The production of 
additional lamellae fills in the tunnel, eneloses the blood vessel, and 
produces an osteon (figure 6.12, step 4). 


When bone growth in width is slow, the surface of the bone 
beeomes smooth as osteoblasts from the periosteum lay down even 
layers of bone to form circumferential lamellae. The circumferential 
lamellae are broken down during remodeling to form osteons (see 
“Bone Remodeling,” p. 138). 
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21 Name and deseribe the events occurring in the four zones of the 
epiphyseal plate. Explain how the epiphyseal plate remains the same 
thiekness while the bone inereases in length. 

22 Deseribe the proeess of growth at the articular eartilage. What 
happens to the epiphyseal plate and the articular eartilage when 
bone growth eeases? 

23 Deseribe how new osteons are produced as a bone inereases in 
width. 


Faetors Affeeting Bone Growth 

The potential shape and size of a bone and an individual’s final 
adult height are determined genetieally, but faetors such as nutri- 
tion and hormones ean greatly modify the expression of those 
genetie faetors. 


Nutrition 

Inadequate intake of the materials neeessary to support ehondroblast 
and osteoblast aetivities, including the production of eollagen and 
other matrix eomponents, results in deereased eartilage and bone 

Vitamin D is neeessary for the normal absorption of calcium 
from the intestines, and calcium is neeessary to form bone matrix. The 
body ean either synthesize or ingest vitamin D. Its rate of synthesis 
inereases when the skin is exposed to sunlight (see ehapter 5). 
Insufficient vitamin D in ehildren causes riekets, a disease resulting 
from reduced mineralization of the bone matrix. Children with 
riekets ean have bowed bones and inflamed joints. During the win- 
ter in northern elimates, if ehildren are not exposed to sufficient 
sunlight, they ean take vitamin D as a dietary supplement to prevent 
riekets. The bodys inability to absorb fats in which vitamin D is 
soluble ean also result in vitamin D defieieney. This eondition ean 
occur in adults who suffer from digestive disorders and ean be one 
cause of “adult riekets,” or osteomalaeia (os'té-ò-mà-là'shé-à), 
which is a softening of the bones as a result of calcium depletion. 



Hormones 

Hormones are very important in bone growth. Growth hormone 
from the pimitary gland inereases general tissue growth (see ehapter 15), 
including overall bone growth, by stimulating interstitial eartilage 
growth and appositional bone growth. Giantism is a eondition of 
abnormally inereased height that usually results from excessive earti- 
lage and bone formation at the epiphyseal plates of long bones. The 
most eommon type of giantism, pituitary giantism, results from 
excess seeretion of pituitary growth hormone. The large stature of 
some individuals, however, ean result from genetie faetors rather 
than from abnormal levels of growth hormone. Aeromegaly (ak-rò- 
meg'à-lé) involves the growth of eonneetive tissue, including bones, 
after the epiphyseal plates have ossified. The effeet mainly involves 
inereased diameter or thiekness of bones and is most strikingly appar- 
ent in the faee and hands. Many pituitary giants also develop aero- 
megaly later in life. 

Dwarfism is a eondition of abnormally deereased height. 
Pituitary dwarfism results when abnormally low levels of pituitary 


growth hormone affeet the whole body, thus producing a small per- 
son who is normally proportioned. 



Aehondroplasia 

The most eommon type of dwarfìsm is not caused by a hormonal 
disorder. Aehondroplasia (à-kon-dró-plà'zè-à), or aehondroplastie 
(à-kon-dró-plas'tik) dwarfìsm results in a person with a nearly 
normal-sized trunk and head but shorter than normal limbs. 
Aehondroplasia is an autosomal-dominant trait (see ehapter 25), 
caused by a mutation of a gene regulating bone growth.The normal 
effeet of the gene is to slow bone growth by inhibiting ehondroeyte 
division at the epiphyseal plate. Mutation of the gene results in a 
"gain of function," in which the normal inhibitory effeet is inereased, 
resulting in severely reduced bone growth in length. Approximately 
80% of eases result from a spontaneous mutation of a gene during 
the formation of sperm eells or ooeytes. Thus, the parents of most 
aehondroplastie dwarfs are of normal height and proportions. 


Sex hormones also influence bone growth. Estrogen (a elass of 
female sex hormones) and testosterone (a male sex hormone) initially 
stimulate bone growth, which accounts for the burst of growth at 
puberty, when the production of these hormones inereases. Both 
hormones also stimulate the ossifieation of epiphyseal plates, however, 
and thus the eessation of growth. Females usually stop growing earlier 
than males because estrogens cause a quicker closure of the epiphyseal 
plate than does testosterone. Because their entire growth period is 
somewhat shorter, females usually do not reaeh the same height as 
males. Deereased levels of testosterone or estrogen ean prolong the 
growth phase of the epiphyseal plates, even though the bones grow 
more slowly. 

24 How does vitamin D affeet bone growth? 

25 What causes pituitary giantism, aeromegaly, pituitary dwarfism, and 
aehondroplasia? 

26 What effeets do estrogen and testosterone have on bone growth? 

How do these effeets account for the average height differenee 
observed between men and women? 


Prediet 



A 12-year-old female has an adrenal tumor that produces large amounts of es- 
trogen. If untreated, what effeet will this eondition have on her growth for the 
next 6 months? On her height when she is 18? 


6.7 Bone Remodeling 

Just as we renovate or remodel our homes when they beeome out- 
dated, when bone beeomes old it is replaeed with new bone in a 
proeess ealled bone remodeling. In this proeess, osteoelasts remove 
old bone and osteoblasts deposit new bone. Bone remodeling eon- 
verts woven bone into lamellar bone, and it is involved in bone 
growth, ehanges in bone shape, the adjustment of the bone to stress, 
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Bone fractures are elassified in sev- 
eral ways. The most eommonly used elassifi- 
eation involves the severity of the injury to 
the soft tissues surrounding the bone. An 
open (formerly ealled compound) fracture 
occurs when an open wound extends to the 
site of the fracture or when a fragment of 
bone protmdes through the skin. If the skin is 
not perforated, the fracture is ealled a dosed 
(formerly ealled simple) fracture. If the soft 
tissues around a elosed fracture are damaged, 
the fracture is ealled a eomplieated fracture. 

Two other terms to designate fractures 
are ineomplete, in which the fracture does 
not extend eompletely aeross the bone, and 
eomplete, in which the bone is broken into at 
least two fragments (fìgure A a). An ineom- 
plete fracture that occurs on the convex side 
of the curve of the bone is a greenstiek frae- 
ture. Hairline fractures are ineomplete frae- 
tures in which the two seetions of bone do not 
separate; they are eommon in skull fractures. 

Comminuted (kom'i-noo-ted) fractures 
are eomplete fractures in which the bone 
breaks into more than two pieees—usually 
two major fragments and a smaller fragment 
(fìgure A b). impaeted fractures are those in 
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Figure A Bone Fractures 

( a ) Complete and ineomplete. (ò)Transverse and comminuted. (e) impaeted. (ef) Spiral and oblique. 


which one fragment is driven into the spongy 
portion of the other fragment (fìgure Ae). 

Fractures are also elassified aeeording to 
the direetion of the fracture within a bone. 
Linear fractures run parallel to the long axis 
of the bone, and transverse fractures are at 
right angles to the long axis (see figure A b). 
Spiral fractures have a helieal course around 
the bone, and obliquefractures run obliquely 


in relation to the long axis (fìgure A d). Dentate 
fractures have rough, toothed, broken ends, 
and stellate fractures have breakage lines 
radiating from a eentral point. 
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bone repair, and calcium ion (Ca 2+ ) regulation in the body. For 
example, as a long bone inereases in length and diameter, the size of 
the medullary eavity also inereases (figure 6.13). Otherwise, the bone 
would eonsist of nearly solid bone matrix and would be very heavy. 
The relative thiekness of eompaet bone is maintained by the removal 
of bone on the inside by osteoelasts and the addition of bone to the 
outside by osteoblasts. 

A basie multicellular unit (BMU) is a temporary assembly of 
osteoelasts and osteoblasts that travels through or aeross the surface of 
bone, removing old bone matrix and replaeing it with new bone matrix. 
The average life span of a BMU is approximately 6 months, and BMU 
aetivity renews the entire skeleton every 10 years. The osteoelasts of a 
BMU break down bone matrix, forming a tunnel. Interstitial lamellae 
(see figure 6.5a) are remnants of osteons that were not eompletely 
removed when a BMU formed a tunnel. Blood vessels grow into the 
tunnel and osteoblasts of the BMU move in and lay down a layer of 
bone on the tunnel wall, forming a eoneentrie lamella. Additional eon- 
eentrie lamellae are produced, filling in the tunnel from the outside to 
the inside, until an osteon is formed in which the eenter of the tunnel 
beeomes a eentral eanal eontaining blood vessels. In spongy bone, the 
BMU removes bone matrix from the surface of a trabecula, forming a 
eavity, which the BMU then fills in with new bone matrix. 


Meehanieal Stress and Bone Strength 

Remodeling, the formation of additional bone, alteration in tra- 
becular alignment to reinforee the seaffolding, or other ehanges ean 
modify the strength of the bone in response to the amount of stress 
applied to it. Meehanieal stress applied to bone inereases osteoblast 
aetivity in bone tissue, and removal of meehanieal stress deereases 
osteoblast aetivity. llnder eonditions of reduced stress, such as when 
a person is bedridden or paralyzed, osteoelast aetivity continues at a 
nearly normal rate, but osteoblast aetivity is reduced, resulting in a 
deerease in bone density. In addition, pressure in bone causes an 
eleetrieal ehange that inereases the aetivity of osteoblasts. Applying 
weight (pressure) to a broken bone therefore speeds the healing 
proeess. Weak pulses of eleetrie current applied to a broken bone 
sometimes are used elinieally to speed the healing proeess. 


27 What is bone remodeling? List the proeesses in which bone remodeling 
plays a role. 

28 What is a BMU? Deseribe how BMUs produced osteons and interstitial 
lamellae. 
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Figure B Osteoporosis 

{a) Radiograph of a"broken hip,"which is actually a break of the femur (thighbone) in the hip region. 
(b) Photomierograph of normal bone and osteoporotie bone. 
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Osteoporosis (os'tè-ó-pó-ró'sis), or 
porous bone, results from a reduction in the 
overall quantity of bone tissue (figure B). It 
occurs when the rate of bone resorption 
exceeds the rate of bone formation.The loss 
of bone mass makes bones so porous and 
weakened that they beeome deformed and 
prone to fracture. The occurrence of osteo- 
porosis inereases with age. In both men and 
women, bone mass starts to deerease at about 
age 35 and continually deereases thereafter. 
VVomen ean eventually lose approximately 
half, and men a quarter, of their spongy bone. 
Osteoporosis is two and a half times more 
eommon in women than in men. 

Osteoporosis has a strong genetie 
eomponent. It is estimated that approxi- 
mately 60% of a person's peak bone mass is 
genetieally determined and that 40% is 
attributed to environmental faetors, such 
as diet and physieal aetivity. A woman 
whose mother has osteoporosis is more 
likely to develop osteoporosis than is a 
woman whose mother does not have the 
disorder. The genetie eomponent of osteo- 
porosis is complex and probably involves 
variations in a number of genes, such as 
those eneoding vitamin D, eollagen, ealei- 
tonin and estrogen reeeptors, and others. 

In postmenopausal women, the deerea- 
sed production of the female sex hormone 
estrogen ean cause osteoporosis. Estrogen is 


seereted by the ovaries, and it normally eon- 
tributes to the maintenanee of normal bone 
mass by inhibiting the stimulatory effeets of 
PTH on osteoelast aetivity. Following meno- 
pause, estrogen production deereases, result- 
ing in degeneration of spongy bone, espeeially 
in the vertebrae of the spine and the bones of 
the forearm. Collapse of the vertebrae ean 
cause a deerease in height or, in more severe 
eases, ean produce kyphosis, or a "dowager's 
hump,"in the upper baek. 

Conditions that result in deereased 
estrogen levels, other than menopause, 
ean also cause osteoporosis. Examples 
include removal of the ovaries before 


menopause, extreme exercise to the point 
of amenorrhea (laek of menstrual flow), 
anorexia nervosa (self-starvation), and eig- 
arette smoking. 

In males, reduction in testosterone 
levels ean cause loss of bone tissue. Deereas- 
ing testosterone levels are usually less of a 
problem for men than deereasing estrogen 
levels are for women for two reasons. First, 
because males have denser bones than 
females, a loss of some bone tissue has less 
of an effeet. Seeond, testosterone levels 
generally do not deerease signifìeantly until 
after age 65, and even then the rate of 
deerease is often slow. 
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Figure 6.13 Remodeling of a 

Long Bone 

The epiphysis enlarges and the diaphysis 
inereases in length as new eartilage is formed 
and replaeed by bone, which is remodeled. 
The diameter of the bone inereases as a result 
of bone growth on the outside of the bone, 


Growing bone 
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and the size of the medullary eavity inereases 
because of bone resorption. 
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An overproduction of PTH, vvhieh results 
in overstimulation of osteoelast aetivity, ean 
also cause osteoporosis. 

Inadequate dietary intake or absorption 
of calcium ean contribute to osteoporosis. 
Absorption of calcium from the small intes- 
tine deereases vvith age, and individuals vvith 
osteoporosis often have insufficient intake of 
calcium or vitamin D. Drugs that interfere 
vvith calcium uptake or use ean also inerease 
the riskfor osteoporosis. 

Finally, osteoporosis ean result from 
inadequate exercise or disuse caused by frae- 
tures or paralysis. Signifìeant amounts of 
bone are lost after 8 vveeks of immobilization. 

Treatments for osteoporosis are designed 
to reduce bone loss, inerease bone forma- 
tion, or both. inereased dietary calcium and 
vitamin D ean inerease calcium uptake and 
promote bone formation. Daily doses of 
1200-1500 mg of calcium and 800-1000 IU 
(20-25 pg) of vitamin D are reeommended. 
Exercise, such as vvalking or using light 
vveights, also appears to be effeetive not only 
in reducing bone loss but in inereasing bone 
mass as vvell. 

In postmenopausal vvomen, hormone 
replaeement therapy (HRT) vvith estrogen 
deereases osteoelast numbers. This reduces 
bone loss but does not result in an inerease 
in bone mass because osteoelast aetivity still 
exceeds osteoblast aetivity. Hovvever, the 


use of HRT to prevent bone loss is novv dis- 
couraged because of the results of a study 
sponsored by the VVomen's Health Initiative. 
The study examined HRT in over 16,000 
vvomen and found that HRT inereased the 
risk for breast eaneer, uterine eaneer, heart 
attaeks, strokes, and blood elots but 
deereased the risk for hip fractures and 
eoloreetal eaneer. Estrogen agonist/antag- 
onists, formerly ealled seleetive estrogen 
reeeptor modulators (SERMs), are a elass of 
drugs that bind to estrogen reeeptors. They 
may be able to proteet against bone loss 
without inereasing the risk for breast eaneer. 
For example, raloxifene (ral-ox'T-fén; Evista) 
stimulates estrogen reeeptors in bone but 
inhibits them in the breast and uterus. 

Calcitonin (Miaealein), which inhibits 
osteoelast aetivity, is now available as a pill 
or nasal spray. Calcitonin ean be used to 
treat osteoporosis in men and women and 
has been shown to produce a slight inerease 
in bone mass. Bisphosphonates (bis- 
fos'fó-nàts) are ehemieals that eoneentrate 
in bone; when osteoelasts break down bone, 
the bisphosphonates are taken up by the 
osteoelasts. The bisphosphonates interfere 
with eertain enzymes, leading to inaetiva- 
tion and lysis of the osteoelasts. A variety of 
bisphosphonates are available, such as 
Alendronate (Fosamax), which is taken 
orally every day, and zoledronie aeid 


(Reelast), which is administered as an intra- 
venous infusion onee a year. Teriparatide 
(Forteo) is a small segment of the parathy- 
roid hormone molecule, eontaining 34 
amino aeids eompared to 84 in the intaet 
hormone. A lowdoseof PTH(1-34) is injeeted 
onee daily. The resulting rapid, transient 
inerease of a PTH-like molecule initially 
inereases osteoelast aetivity and bone 
breakdown.The burst of osteoelast aetivity, 
however, is followed by slightly more bone 
buildup by osteoblasts, resulting in an over- 
all inerease in bone mass. 

Statins (stat'ins) are drugs that inhibit 
eholesterol synthesis; they also stimulate 
osteoblast aetivity, and there is some evi- 
denee that statins ean reduce the risk for 
fractures. Slow-releasing sodium fluoride 
(Slow Fluoride) in eombination with calcium 
eitrate (Citracal) also appears to inerease 
bone mass. 

Early diagnosis of osteoporosis may lead 
to the use of more preventive treatments. 
Instmments that measure the absorption of 
photons (partieles of light) by bone are cur- 
rently used, of which dual-energy x-ray 
absorptiometry (DEXA) is eonsidered the best. 
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6.8 Bone Repair 

Bone is a living tissue that ean undergo repair following damage to 
it. This proeess has four major steps. 

1. Hematomaformation (figure 6.14, step 1). When bone is 
fractured, the blood vessels in the bone and surrounding 
periosteum are damaged, and a hematoma forms. A hematoma 
(hé-mà-tò'mà, hem-à-tò'mà) is a loealized mass of blood 
released from blood vessels but eonfined within an organ or a 
spaee. Usually, the blood in a hematoma forms a elot, which 
eonsists of fibrous proteins that stop the bleeding. Dismption 
of blood vessels in the eentral eanals results in inadequate blood 
delivery to osteoeytes, and bone tissue adjaeent to the fraemre 
site dies. Inflammation and swelling of tissues around the bone 
often occur following the injury. 

2. Callus formation (figure 6.14, step 2). A callus (kal'us) is a mass 
of tissue that forms at a fraemre site, eonneeting the broken 
ends of the bone. The callus forms as the elot dissolves (see 
ehapter 16) and is removed by maerophages. An internal callus 


forms betiveen the ends of the broken bone, as well as in the 
marrow eavity if the fraemre occurs in the diaphysis of a long 
bone. It eonsists of a dense fibrous network in which eartilage 
and woven bone form. The external callus forms a eollar of 
eartilage and woven bone around the opposing ends of the bone 
fragments. It helps stabilize the ends of the broken bone. In 
modern medieal praetiee, stabilization of the bone is assisted 
with a east or the surgical implantation of metal supports. 

3. Callus ossifieation (figure 6.14, step 3). The fibers and eartilage 
of the internal and external calluses are ossified to produce 
woven, spongy bone. The ossifieation proeess is similar to that 
which occurs during fetal bone development. Spongy bone 
formation in the callus is usually eomplete 4—6 weeks after the 
injury. Immobilization of the bone is eritieal up to this time 
because movement ean refraemre the delieate new bone matrix. 

4. Bone remodeling (figure 6.14, step 4). Filling the gap between 
bone fragments with an internal callus of woven bone is not the 
end of the repair proeess because woven bone is not as structurally 
strong as the original lamellar bone. Repair is not eomplete until 
the woven bone of the internal callus and the dead bone adjaeent 
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medullary eavity. 


Proeess Figure 6.14 Bone Repair 


to the fracture site are replaeed by eompaet bone. In this eompaet 
bone, osteons from both sides of the break extend aeross the 
fracture line to £ peg” the bone fragments together. This 
remodeling proeess takes time and may not be eomplete even 
after a year. As the internal callus is remodeled and beeomes 
stronger, the external callus is reduced in size by osteoelast aetivity. 
The repaired zone usually remains slightly thieker than the 
adjaeent bone, but the repair may be so eomplete that no evidenee 
of the break remains. If the fracture occurred in the diaphysis of a 
long bone, remodeling also restores the medullary eavity. 

29 How does breaking a bone result in hematoma formation? 

30 Distinguish between the loeation and the eomposition of the internal 
and external callus. 

31 Why is remodeling of the ossified callus neeessary? 


Uniting Broken Bones 

Before the formation of eompaet bone between the broken ends 
of a bone ean take plaee, the appropriate substrate must be present. 
Normally, this is the woven, spongy bone of the internal callus. If 
formation of the internal callus is prevented by infeetions, bone 
movements, or the nature of the injury, nonunion of the bone 
occurs. This eondition ean be treated by surgically implanting an 
appropriate substrate, such as living bone from another site in the 
body or dead bone from eadavers. Other substrates have also been 
used. For example, a speeifìe marine eoral calcium phosphate is eon- 
verted into a predominantly hydroxyapatite biomatrix that is very 
much like spongy bone. 


6.9 Calcium Homeostasis 

Bone is the major storage site for calcium in the body, and the move- 
ment of Ca 2+ into and out of bone helps determine blood Ca 2+ 
levels, which is eritieal for normal muscle and nervous system func- 
tion (see ehapters 8 and 10). Calcium ions move into bone as osteo- 
blasts build new bone and move out of bone as osteoelasts break 
down bone (figure 6.15). When osteoblast and osteoelast aetivity is 
balaneed, the movement of Ca 2+ into and out of a bone is equal. 

When blood Ca 2+ levels are too low, osteoelast aetivity inereases. 
More Ca 2+ are released by osteoelasts from bone into the blood than 
are removed by osteoblasts from the blood to make new bone. 
Consequently, a net movement of Ca 2+ occurs from bone into 
blood, and blood Ca 2+ levels inerease. Conversely, if blood Ca 2+ 
levels are too high, osteoelast aetivity deereases. Fewer Ca 2+ are 
released by osteoelasts from bone into the blood than are taken from 
the blood by osteoblasts to produce new bone. As a result, a net 
movement of Ca 2+ occurs from the blood to bone, and blood Ca 2+ 
levels deerease. 

Parathyroid hormone (PTH) from the parathyroid glands (see 
ehapter 15) is the major regulator of blood Ca 2+ levels. If the blood 
Ca 2+ level deereases, the seeretion of PTH inereases, resulting in 
inereased numbers of osteoelasts, which causes inereased bone break- 
down and inereased blood Ca 2+ levels (see figure 6.15). PTH also 
regulates blood Ca 2+ levels by inereasing Ca 2+ uptake in the small 
intestine. inereased PTH promotes the formation of vitamin D in 
the kidneys, and vitamin D inereases the absorption of Ca 2+ from 
the small intestine. PTH also inereases the reabsorption of Ca 2+ 
from urine in the kidneys, which reduces Ca 2+ lost in the urine. 

When blood Ca 2+ levels are too high, PTH levels deerease. As a 
result, the net movement of Ca 2+ into bone inereases because of 
deereased osteoelast aetivity. Vitamin D levels deerease, resulting in 



































































































Histology and Physiology of Bones 


143 


1. Osteoelasts break down bone and 
release Ca 2+ into the blood, and 
osteoblasts remove Ca 2+ from the 
blood to make bone. (Blue arrows 
represent the movement of Ca 2+ .) 
Parathyroid hormone (PTH) 
regulates blood Ca 2+ levels by 
indireetly stimulating osteoelast 
aetivity, resulting in inereased Ca 2+ 
release into the blood. Calcitonin 
plays a minor role in Ca 2+ 
maintenanee by inhibiting 
osteoelast aetivity. 

2. In the kidneys, PTH inereases 
Ca 2+ reabsorption from the urine. 

3. In the kidneys, PTH also promotes 
the formation of aetive vitamin D 
(green arrows), which inereases 
Ca 2+ absorption from the small 
intestine. 
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Proeess Figure 6.15 calcium Homeostasis 


less absorption of Ca 2+ from the intestines, and reabsorption of 
Ca 2+ from urine deereases, resulting in more Ca 2+ lost in the urine. 

Calcitonin (kal-si-tò'nin), seereted from the thyroid gland (see 
ehapter 15), deereases osteoelast aetivity (see figure 6.15) and thus 
deereases blood calcium levels. inereased blood Ca 2+ levels stimulate 
the thyroid gland to seerete ealeitonin. PTH and ealeitonin are 
deseribed more fully in ehapters 15 and 23. 

32 Name the hormone that is the major regulator of Ca 2+ levels in the 
body. What stimulates the seeretion of this hormone? 

33 What are the effeets of PTH on osteoelast numbers, the formation of 
vitamin D, and the reabsorption of Ca 2+ from urine? 

34 What stimulates ealeitonin seeretion? How does ealeitonin affeet 
osteoelast aetivity? 


CASE STUDY 


Bone Density 


Henry is a 65-year-old man who was admitted to the emergeney room 
after a fall. A radiograph eonfìrmed that he had fractured the proximal 
part of his arm bone (surgical neek of the humerus). The radiograph 
also revealed that his bone matrix was not as dense as it should be for 
a man his age. A test for blood Ca 2+ levels was normal. On questioning, 
Henry eonfessed that he is a junk food addiet with poor eating habits. 
He eats few vegetables and never consumes dairy products. In addi- 
tion, Henry never exercises and seldom goes outdoors except at night. 


Prediet 




Use your knowledge of bone physiology and figure 6.13 to answer the 
following questions. 

a. Why is Henry more likely than most men his age to break a bone? 

b. How have Henry's eating habits contributed to his low bone density? 

e. Would Henry's PTH levels be lower than normal, normal, or higher 
than normal? 

d. What effeet has Henry's nocturnal lifestyle had on his bone density? 

e. How has laek of exercise affeeted his bone density? 


6.10 Effeets of Aging on the 

Skeletal System 

Tbe most signifieant age-related ehanges in the skeletal system 
affeet the quality and quantity of bone matrix. Reeall that a mineral 
(hydroxyapatite) in the bone matrix gives bone eompression 
(weight-bearing) strength, but eollagen fibers make the bone flexi- 
ble. The bone matrix in an older bone is more brittle than in a 
younger bone because deereased eollagen production results 
in a matrix that has relatively more mineral and fewer eollagen 
fibers. With aging, the amount of matrix also deereases because the 
rate of matrix formation by osteoblasts beeomes slower than the 
rate of matrix breakdown by osteoelasts. 
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Effeets of Other Systems on the 
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growth and maintenanee 

Proteets against abrasion and ultraviolet light 
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Tension on bone promotes bone growth 
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Pain awareness results in reduced 
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bones to heal 


Parathyroid hormone and ealeitonin regulate 
calcium release and uptake by bone 
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affeet bone growth and metabolism 
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Immune eells provide proteetion against 
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The liver eonverts vitamin D precursor 
from the skin to form a vitamin D that 
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Bone mass is at its highest around age 30, and men generally 
have denser bones than women because of the effeets of testoster- 
one and greater body weight. Raee also affeets bone mass. Afriean- 
Amerieans and Hispanies have higher bone masses than whites 
and Asians. After age 33, both men and women have an age- 
related loss of bone of 0.3%—0.3% a year. This loss ean inerease by 
10 times in women after menopause, and women ean have a bone 
loss of 3%—5% a year for approximately 5—7 years (see 

“Osteoporosis,” pp. 140-141). 

Signifieant loss of bone inereases the likelihood of having bone 
fractures. For example, loss of trabeculae greatly inereases the risk for 


eompression fraemres of the vertebrae (baekbones) because the 
weight-bearing body of the vertebrae eonsists mostly of spongy bone. 
In addition, loss of bone ean cause deformity, loss of height, pain, 
and stiffness. For example, eompression fractures of the vertebrae ean 
cause an exaggerated curvature of the spine, resulting in a bent- 
forward, stooped posture. Loss of bone from the jaws ean also lead 
to tooth loss. 

35 What effeet does aging have on the quality and quantity of bone 
matrix? 


Summary 


6.1 Fimetions of the Skeletal System <p. 126 ) 

1. The skeletal system eonsists of bones, eartilage, tendons, and ligaments. 

2. The skeletal system supports the body, proteets the organs it surrounds, 
allows body movements, stores minerals and fats, and is the site of 
blood eell and platelet production. 

6.2 eartilage (p. 120 ) 

1. Chondroblasts produce eartilage and beeome ehondroeytes. 
Chondrocytes are loeated in lacunae surrounded by matrix. 

2. The matrix of eartilage eontains eollagen fibers (for strength) and 
proteoglyeans (trap water). 

3. The perichondrium surrounds eartilage. 

■ The outer layer eontains fibroblasts. 

■ The inner layer eontains ehondroblasts. 

4. Cartilage grows by appositional and interstitial growth. 

6.3 Bone Histology <p. 127 ) 

Bone Matrix 

1. Collagen provides flexible strength. 

2. Hydroxyapatite provides eompressional strength. 

Bone eells 

1. Osteoblasts produce bone matrix and beeome osteoeytes. 

■ Osteoblasts eonneet to one another through eell proeesses 
and surround themselves with bone matrix to beeome 
osteoeytes. 

■ Osteoeytes are loeated in lacunae and are eonneeted to one another 
through canaliculi. 

2. Osteoelasts break down bone. 

3. Osteoblasts originate from osteoehondral progenitor eells, whereas 
osteoelasts originate from stem eells in red bone marrow. 

4. Ossifieation, the formation of bone, occurs through appositional 
growth. 

Woven and Lamellar Bone 

1. Woven bone has eollagen fibers oriented in many different direetions. It 
is remodeled to form lamellar bone. 

2. Lamellar bone is arranged in thin layers, ealled lamellae, which have 
eollagen fibers oriented parallel to one another. 


Spongy and eompaet Bone 

1. Spongy bone has many spaees. 

■ Lamellae eombine to form trabeculae, beams of bone that 
intereonneet to form a lattieelike structure with spaees filled with 
bone marrow and blood vessels. 

■ The trabeculae are oriented along lines of stress and provide 
structural strength. 

2. Compact bone is dense with few spaees. 

■ Compact bone eonsists of organized lamellae: Circumferential 
lamellae form the outer surface of eompaet bones; eoneentrie lamellae 
surround eentral eanals, forming osteons; interstitial lamellae are 
remnants of lamellae left after bone remodeling. 

■ Canals within eompaet bone provide a means for the exchange of 
gases, nutrients, and waste products. From the periosteum or 
endosteum, perforating eanals earry blood vessels to eentral eanals, 
and canaliculi eonneet eentral eanals to osteoeytes. 

6.4 BoneAnatomy (p. 131 ) 

Bone Shapes 

Individual bones ean be elassified as long, short, flat, or irregular. 

Structure of a Long Bone 

1. The diaphysis is the shaft of a long bone, and the epiphysis is separated 
from the diaphysis by the epiphyseal plate or line. 

2. The epiphyseal plate is the site of bone growth in length. The 
epiphyseal plate beeomes the epiphyseal line when all of its eartilage 
beeomes bone. 

3. The medullary eavity is a spaee within the diaphysis. 

4. Red bone marrow is the site of blood eell production, and yellow bone 
marrow eonsists of fat. 

5. The periosteum eovers the outer surface of bone. 

■ Tfie outer layer eontains blood vessels and nerves. 

■ The inner layer eontains osteoblasts, osteoelasts, and osteoehondral 
progenitor eells. 

6. The endosteum lines eavities inside bone and eontains osteoblasts, 
osteoelasts, and osteoehondral progenitor eells. 

Structure of Flat, Short, and lrregular Bones 

Flat, short, and irregular bones have an outer eovering of eompaet bone 

surrounding spongy bone. 
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6.5 Bone Development <p. 133) 

lntramembranous Ossifieation 

1. Some skull bones, part of the mandible, and the diaphyses of the 
elavieles develop from membranes. 

2. Within the membrane at eenters of ossifieation, osteoblasts produce 
bone along the membrane fibers to form spongy bone. 

3. Beneath the periosteum, osteoblasts lay down eompaet bone to form 
the outer surface of the bone. 

4. Fontanels are areas of membrane that are not ossified at birth. 

Endoehondral Ossifieation 

1. Most bones develop from a eartilage model. 

2. The eartilage matrix is ealeified, and ehondroeytes die. Osteoblasts form 
bone on the ealeified eartilage matrix, producing spongy bone. 

3. Osteoblasts build an outer surface of eompaet bone beneath the periosteum. 

4. Primary ossifieation eenters form in the diaphysis during fetal 
development. Seeondary ossifieation eenters form in the epiphyses. 

3. Articular eartilage on the ends of bones and the epiphyseal plate is 
eartilage that does not ossify. 

6.6 Bone Growth (p. 135) 

1. Bones inerease in size only by appositional growth, the adding of new 
bone on the surface of older bone or eartilage. 

2. Trabeculae grow by appositional growth. 

Growth in Bone Length 

1. Epiphyseal plate growth involves the interstitial growth of eartilage 
followed by appositional bone growth on the eartilage. 

2. Epiphyseal plate growth results in an inerease in the length of the 
diaphysis and bony proeesses. Bone growth in length eeases when the 
epiphyseal plate beeomes ossified and forms the epiphyseal line. 

Growth at Articular eartilage 

1. Articular eartilage growth involves the interstitial growth of eartilage 
followed by appositional bone growth on the eartilage. 

2. Articular eartilage growth results in larger epiphyses and an inerease in 
the sizes of bones that do not have epiphyseal plates. 

Growth in Bone Width 

1. Appositional bone growth beneath the periosteum inereases the 
diameters of long bones and the sizes of other bones. 

2. Osteoblasts from the periosteum form ridges with grooves between 
them. The ridges grow together, eonverting the grooves into tunnels 
filled with eoneentrie lamellae to form osteons. 


3. Osteoblasts from the periosteum lay down circumferential lamellae, 
which ean be remodeled. 

Faetors Affeeting Bone Growth 

1. Genetie faetors determine bone shape and size. The expression of 
genetie faetors ean be modified. 

2. Faetors that alter the mineralization proeess or the production of 
organie matrix, such as defieieneies in vitamin D, ean aífeet bone 
growth. 

3. Growth hormone, estrogen, and testosterone stimulate bone growth. 

4. Estrogen and testosterone cause closure of the epiphyseal plate. 

6.7 Bone Remodel ng (p. 138) 

1. Remodeling eonverts woven bone to lamellar bone and allows bone to 
ehange shape, adjust to stress, repair itself, and regulate body calcium 
levels. 

2. Basie multicellular units (BMUs) make tunnels in bone, which are 
filled with eoneentrie lamellae to form osteons. Interstitial lamellae are 
remnants of bone not removed by BMUs. 

6.8 Bone Repair (p. i 4 i) 

1. Fracture repair begins with the formation of a hematoma. 

2. The hematoma is replaeed by an internal callus eonsisting of fibers and 
eartilage. 

3. The external callus is a bone-eartilage eollar that stabilizes the ends of 
the broken bone. 

4. The internal and external calluses are ossified to beeome woven bone. 

3. Woven bone is remodeled. 

6.9 ealeiiim Homeostasis (p. 142 ) 

PTH inereases blood Ca 2+ levels by inereasing bone breakdown, Ca 2+ 

absorption from the small intestine, and reabsorption of Ca 2+ from the 

urine. Calcitonin deereases blood Ca 2+ by deereasing bone breakdown. 

6.10 Effeets of Aging on the Skeletal 

System (p. 143 ) 

1. With aging, bone matrix is lost and the matrix beeomes more brittle. 

2. Spongy bone loss results from a thinning and a loss of trabeculae. 
Compact bone loss mainly occurs from the inner surface of bones and 
involves less osteon formation. 

3. Loss of bone inereases the risk for fractures and causes deformity, loss of 
height, pain, stiffness, and loss of teeth. 



6.1 Functions of the Skeletal System <p. 126) 

1. The skeletal system 

a. includes bone, eartilage, tendons, and ligaments. 

b. is a storage site for calcium and phosphoms. 

e. eontains eavities in which blood eells are produced and fat is stored. 

d. supports weight, proteets organs, and allows movements. 

e. all of the above. 


6.2 eartilage (p. 126) 

2. The extracellular matrix of hyaline eartilage 

a. is produced by ehondroblasts. 

b. eontains eollagen. 

e. eontains proteoglyeans. 
d. all of the above. 




Histology and Physiology of Bones 


147 


3. Chondrocytes are mature eartilage eells found within the 

_, and they are derived from_ 

a. perichondrium, fibroblasts 

b. perichondrium, ehondroblasts 
e. lacunae, fibroblasts 

d. lacunae, ehondroblasts 

4. Which of these statements eoneerning eartilage is eorreet? 

a. Chondrocytes reeeive nutrients and oxygen from blood vessels in 
the matrix. 

b. Articular eartilage has a thiek perichondrium layer. 

e. The perichondrium has both ehondroeytes and osteoeytes. 

d. Interstitial eartilage growth occurs when ehondroeytes within the 
tissue add more matrix from the inside. 

6.3 Bone Histology <p. 127) 

3. Which of these substances makes up the major portion of bone? 

a. eollagen e. proteoglyeans e. osteoblasts 

b. hydroxyapatite d. osteoeytes 

6. The flexible strength of bone occurs because of 

a. osteoelasts. e. hydroxyapatite. e. periosteum. 

b. ligaments. d. eollagen fibers. 

7. The prime fimetion of osteoelasts is to 

a. prevent osteoblasts from forming. 

b. beeome osteoeytes. 

e. break down bone. 

d. seerete calcium salts and eollagen fibers. 

e. form the periosteum. 

8. Osteoehondral progenitor eells 

a. ean beeome osteoblasts or ehondroblasts. 

b. are derived from mesenehymal stem eells. 

e. are loeated in the perichondrium, periosteum, and endosteum. 

d. do not produce osteoelasts. 

e. all of the above. 

9. Lamellar bone 

a. is mature bone. 

b. is remodeled to form woven bone. 

e. is the first type of bone formed during early fetal 
development. 

d. has eollagen fibers randomly oriented in many direetions. 

e. all of the above. 

6.4 BoneAnatomy <p. 131) 

10. Central eanals 

a. eonneet perforating eanals to canaliculi. 

b. eonneet spongy bone to eompaet bone. 
e. are where blood eells are produced. 

d. are found only in spongy bone. 

e. are lined with periosteum. 

11. The type of lamellae found in osteons is_lamellae. 

a. circumferential b. eoneentrie e. interstitial 

12. Spongy bone eonsists of intereonneeting rods or plates of bone ealled 

a. osteons. d. a haversian system. 

b. canaliculi. e. trabeculae. 

e. circumferential lamellae. 

13. Yellow bone marrow is 

a. found mostly in ehildren’s bones. 

b. found in the epiphyseal plate. 

e. important for blood eell production. 
d. mostly adipose tissue. 


6.5 Bone Development <p. 133) 

14. Given these events: 

1. Osteoehondral progenitor eells beeome osteoblasts. 

2. Connective tissue membrane is formed. 

3. Osteoblasts produce woven bone. 

Which sequence best deseribes intramembranous bone formation? 

a. 1,2,3 e. 2,1,3 e. 3,2,1 

b. 1,3,2 d. 2,3,1 

13. Given these proeesses: 

1. Chondrocytes die. 

2. Cartilage matrix ealeifies. 

3. Chondrocytes hypertrophy. 

4. Osteoblasts deposit bone. 

5. Chondroblasts produce hyaline eartilage. 

Which sequence best represents the order in which they occur during 
endoehondral bone formation? 

a. 2,4,1,2,5 e. 4,5,2,3,1 e. 5,4,2,3,1 

b. 2,5,1,2,4 d. 5,3,2,1,4 

16. Intramembranous ossifieation 

a. occurs at the epiphyseal plate. 

b. is responsible for growth in diameter of a bone. 
e. gives rise to the flat bones of the skull. 

d. occurs within a hyaline eartilage model. 

e. produces articular eartilage in the long bones. 

6.6 Bone Growth <p. 135) 

17. Growth in the length of a long bone occurs 

a. at the primary ossifieation eenter. 

b. beneath the periosteum. 

e. at the eenter of the diaphysis. 

d. at the epiphyseal plate. 

e. at the epiphyseal line. 

18. Given these proeesses: 

1. An osteon is produced. 

2. Osteoblasts from the periosteum form a series of ridges. 

3. The periosteum beeomes the endosteum. 

4. Osteoblasts lay down bone to produce a eoneentrie lamella. 

5. Grooves are ehanged into tunnels. 

Which sequence best represents the order in which these proeesses 
occur during growth in width of a long bone? 

a. 1,4,2,3,5 e. 3,4,2,1,5 e. 5,4,2,1,3 

b. 2,5,3,4,1 d. 4,2,1,5,3 

19. Chronic vitamin D defieieney results in which of these consequences? 

a. Bones beeome brittle. 

b. The pereentage of bone eomposed of hydroxyapatite inereases. 
e. Bones beeome soft and pliable. 

d. Bone growth inereases. 

20. Estrogen 

a. stimulates a burst of growth at puberty. 

b. causes a later closure of the epiphyseal plate than does testosterone. 

e. causes a longer growth period in females than testosterone causes 
in males. 

d. tends to prolong the growth phase of the epiphyseal plates. 

e. all of the above. 
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6.7 Bone Remodel ng (p. i 38 > 

21. Bone remodeling ean occur 

a. when woven bone is eonverted into lamellar bone. 

b. as bones are subjected to varying patterns of stress. 
e. as a long bone inereases in diameter. 

d. when new osteons are formed in eompaet bone. 

e. all of the above. 

6.8 Bone Repair (p. i4i) 

22. Given these proeesses: 

1. callus formation 

2. eartilage ossifieation 

3. hematoma formation 

4. remodeling of woven bone into eompaet bone 

Which sequence best represents the order in which the proeesses occur 
during repair of a fracture? 

a. 1,2,3>4 e. 2,1,4,3 e. 3,2,1,4 

b. 1,2,4,3 d. 3,1,2,4 


eritieal Thinking 

1. When a person develops Paget disease, for unknown reasons the 
eollagen fibers in the bone matrix run randomly in all direetions. In 
addition, the amount of trabecular bone deereases. What symptoms 
would you expect to observe? 

2. A 12-year-old boy fell while playing basketball. The physieian explained 
that the head (epiphysis) of the femur was separated from the shaft 
(diaphysis). Although the bone was set properly, by the time the boy 
was 16 it was apparent that the injured lower limb was shorter than the 
normal one. Explain why this differenee occurred. 

3. When closure of the epiphyseal plate occurs, the eartilage of the plate is 
replaeed by bone. Does this occur from the epiphyseal side of the plate 
or the diaphyseal side? 

4. In some cultures, eunuchs were responsible for guarding harems, which 
are the eolleetive wives of one male. Eunuchs are males who were 
eastrated as boys. Castration removes the testes, the major site of 
testosterone production in males. Because testosterone is responsible for 
the sex drive in males, the reason for eastration is obvious. As a side 
effeet of this procedure, the eunuchs grew to above-normal heights. 

Can you explain why? 

3. Explain why mnning helps prevent osteoporosis in the elderly. Does 
the benefit include all bones or mainly those of the legs and spine? 


6.9 Calcium Homeostasis (p. 142) 

23. If the seeretion of parathyroid hormone (PTH) inereases, osteoelast 

aetivity_and blood Ca 2+ levels_ 

a. deereases, deerease e. inereases, deerease 

b. deereases, inerease d. inereases, inerease 

24. Osteoelast aetivity is inhibited by 

a. ealeitonin. d. sex hormones. 

b. growth hormone. e. thyroid hormone. 

e. parathyroid hormone. 

6.10 Effeets of Aging on the 

Skeletal System <p. 143) 

23. Compared to the bones of a younger person, past the age of 35 years, 

a. bone matrix has more eollagen. 

b. the amount of trabecular bone inereases. 
e. bone matrix is more brittle. 

d. all of the above. 

Answers in Appendix E 


6. Astronauts ean experience a dramatie deerease in bone density while in 
a weightless environment. Explain how this happens, and suggest a way 
to slow the loss of bone tissue. 

7. Assume that two patients have identieal breaks in the femur 
(thighbone). If one is bedridden and the other has a walking east, 
which patient’s fracture heals faster? Explain. 

8. When a long bone is broken, blood vessels at the fracture line are 
severed. The formation of blood elots stops the bleeding. Within a few 
days, bone tissue on both sides of the fracture site dies. The bone dies 
baek only a eertain distanee from the fraemre line, however. Explain. 

9. Would a patient suffering from kidney failure be more likely to develop 
osteomalaeia or osteoporosis? Explain. 

10. Would you reeommend going to a tanning salon weekly in order to 
have strong bones? Explain. 

11. A patient has hyperparathyroidism because of a tumor in the 
parathyroid gland that produces excessive amounts of PTH. What 
effeet does this hormone have on bone? Would the administration of 
large doses of vitamin D help the situation? Explain. 

Answers in Appendix F 
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greater ineidenee of bone trauma with even minor falls or bumps. 

Knowing someone with brittle bone disease allows us to be more 
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lntroduction 

I f the body had no skeleton, it would look somewhat like a 
poorly stuffed rag doll. Without a skeletal system, we would 
have no framework to help maintain shape and we would 
not be able to move normally. Bones of the skeletal system sur- 
round and proteet organs, such as the brain and heart. Human 
bones are very strong and ean resist tremendous bending and 
eompression forees without breaking. Nonetheless, eaeh year 
nearly 2 million Amerieans break a bone. 

Muscles pull on bones to make them move, but movement 
would not be possible without joints between the bones. Humans 
would resemble statues, were it not for the joints between bones 
that allow bones to move onee the muscles have provided the 
pull. Maehine parts most likely to wear out are those that rub 
together, and they require the most maintenanee. Movable joints 
are plaees in the body where the bones rub together, yet we tend 
to pay little attention to them. Fortunately, our joints are self- 
maintaining, but damage to or disease of a joint ean make move- 
ment very difficult. We realize then how important the movable 
joints are for normal ffinetion. 

The skeletal system ineffides the bones, eartilage, ligaments, 
and tendons. To study skeletal gross anatomy, however, dried, 
prepared bones are used. This allows the major features of indi- 
vidual bones to be seen elearly without being obstmeted by asso- 
eiated soft tissues, such as muscles, tendons, ligaments, eartilage, 
nerves, and blood vessels. The important relationships among 
bones and soft tissues should not be ignored, however. 


7.1 General eonsí derat íons 

of Bones 

The average adult skeleton has 206 bones (figure 7.1). Although this 
is the traditional number, the actual number of bones varies from 
person to person and deereases with age as some bones beeome 
ffised. Bones ean be eategorized as paired or unpaired. A paired 
bone is two bones of the same type loeated on the right and left 
sides of the body, whereas an unpaired bone is a bone loeated on 
the midline of the body. For example, the bones of the upper and 
lower limbs are paired bones, whereas the bones of the vertebral 
eoffimn are unpaired bones. There are 86 paired and 34 unpaired 
bones. 

Many of the anatomieal terms used to deseribe the features of 
bones are listed in table 7.1. Most of these feamres are based on the 
relationship between the bones and assoeiated soft tissues. If a bone 
has a tubercle (too'ber-kl, lump) or proeess (projeetion), such 
structures usually exist because a ligament or tendon was attaehed to 
that mberele or proeess during life. If a bone has a foramen 
(fò-rà'men, pl .foramina, fò-ram'i-nà, a hole) in it, that foramen was 
occupied by something, such as a nerve or blood vessel. If a bone has 
a eondyle (kon'díl, knuckle), it has a smooth, rounded end, eovered 
with articular eartilage (see ehapter 6), that is part of a joint. 

The skeleton is divided into the axial and appendicular skeletons. 


Table 7.1 


General Anatomieal Terms for 
varioiis Features of Bones 


Term 

Deseription 

Body 

Main part 

Head 

Enlarged, often rounded end 

Neek 

Constriction between head and body 

Margin or border 

Edge 

Angle 

Bend 

Ramus 

Braneh off the body beyond the angle 

Condyle 

Smooth, rounded articular surface 

Faeet 

Small, flattened articular surface 

Ridges 


Line or linea 

Low ridge 

Crest or erista 

Prominent ridge 

Spine 

Very high ridge 

Projeetions 


Proeess 

Prominent projeetion 

Tubercle 

Small, rounded bump 

Tuberosity or tuber 

Knob; larger than a tubercle 

Troehanter 

Tuberosities on the proximal femur 

Epieondyle 

Upon a eondyle 

Openings 


Foramen 

Hole 

Canal or meatus 

Tunnel 

Fissure 

Cleft 

Sinus or labyrinth 

Cavity 

Depressions 


Fossa 

General term for a depression 

Noteh 

Depression in the margin of a bone 

Groove or sulcus 

Deep, narrow depression 


/ 


1 How many bones are in an average adult skeleton? What are paired 
and unpaired bones? 

2 How are lumps, projeetions, and openings in bones related to soft 
tissues? 

7.2 Axial Skeleton 

The axial skeleton forms the upright axis of the body (see figure 7.1). 
It is divided into the skull, auditory ossieles, hyoid bone, vertebral 
eoffimn, and thoraeie eage, or rib eage. The axial skeleton proteets the 
brain, the spinal eord, and the vital organs housed within the thorax. 

3 List the parts of the axial skeleton and its functions. 

Skull 

The bones of the head form the skull, or cranium (krà'né-um). The 
22 bones of the skull are divided into two groups: those of the brain- 
ease and those of the faee. The brainease eonsists of 8 bones that 
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Axial Skeleton 


Appendicular Skeleton 


Axial Skeleton 


Skull 


Mandible 
Hyoid bone 


Sternum 


Ribs 


Vertebral 

column 


Sacrum 



Clavicle 


Scapula 


Humerus 


Lllna 
Radius 


Carpal bones 


Metaearpal 

bones 


Phalanges 

Coxal 
bone 


Femur 


Patella 


Tibia 


Fibula 


Tarsal bones 


Metatarsal bones 


Phalanges 


Skull 


Sacrum 



Mandible 


Vertebral 

column 


Coccyx 


Anterior view 


Posterior view 


Figlire 7.1 eomplete Skeleton apir 

Bones of the axial skeleton are listed in the far left- and right-hand columns; bones of the appendicular skeleton are listed in the eenter. (The skeleton is not shown in 
the anatomieal position.) 


immediately surround and proteet the brain. The bones of the brainease 
are the paired parietal and temporal bones and the unpaired frontal, 
oeeipital, sphenoid, and ethmoid bones. The faeial bones form the 
structure of the faee. The 14 faeial bones are the maxilla (2), zygomatie 
(2), palatine (2), laerimal (2), nasal (2), inferior nasal eoneha (2), 


mandible (1), and vomer (1) bones. The frontal and ethmoid bones, 
which are part of the brainease, also contribute to the faee. The faeial 
bones support the organs of vision, smell, and taste. They also provide 
attaehment points for the muscles involved in mastieation (mas-ti- 
kà'shun, chewing), faeial expression, and eye movement. The jaws 
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(mandible and maxillae) hold the teeth (see ehapter 21) and the tem- 
poral bones hold the auditory ossieles, or ear bones (see ehapter 14). 

The bones of the skiill, except for the mandible, are not easily 
separated from eaeh other. It is eonvenient to think of the skull, except 
for the mandible, as a single unit. The top of the skull is ealled the 
ealvaria (kal-và'ré-à), or skullcap. It is usually cut off to reveal the skull’s 
interior. Seleeted features of the intaet skull are listed in table 7.2. 

4 Namethe bones ofthe brainease and thefaeial bones. What 
fimetions are aeeomplished by eaeh group of bones? 

Superior View of the Skull 

The skull appears quite simple when viewed from above (figure 7.2). 
The paired parietal bones are joined at the midline by the sagittal 
suture, and the parietal bones are eonneeted to the frontal bone by 
the eoronal suture. 


Prediet 



Explain the basis for the names sagittal and eoronal sutures. 


Posterior View of the Skull 

The parietal bones are joined to the oeeipital bone by the lambdoid 
(lam'doyd, the shape resembles the Greek letter lambda) suture 
(figure 7.3). Oeeasionally, extra small bones ealled sutural 
(soo'ehoor-àl), or wormian, bones form along the lambdoid suture. 



Frontal bone 


Ooronal suture 

Inferior temporal line 
Superior temporal line 

Sagittal suture 

Parietal bone 

Lambdoid suture 

Oeeipital bone 


Superior view 


Figlire 7.2 superior View of the Skull 

The names of the bones are in bold. 


An external oeeipital protuberance is present on the posterior sur- 
faee of the oeeipital bone. It ean be felt through the sealp at the base 
of the head and varies eonsiderably in size from person to person. 
The external oeeipital protuberance is the site of attaehment of the 


Table 7.2 


Proeesses and Other Features of the Skull 


Feature 

Boneon Which 
Feature Is Found 

Deseription 

External Features 

Alveolar proeess 

Mandible, maxilla 

Ridges on the mandible and maxilla eontaining the teeth 

Coronoid proeess 

Mandible 

Attaehment point for the temporalis muscle 

Horizontal plate 

Palatine 

The posterior third of the hard palate 

Mandibular eondyle 

Mandible 

Region vvhere the mandible articulates vvith the temporal bone 

Mandibular fossa 

Temporal 

Depression vvhere the mandible articulates vvith the skull 

Mastoid proeess 

Temporal 

Enlargement posterior to the ear; attaehment site for several nrmseles that move the head 

Nuchal lines 

Oeeipital 

Attaehment points for several posterior neek muscles 

Oeeipital eondyle 

Oeeipital 

Point of articulation betvveen the skull and the vertebral column 

Palatine proeess 

Maxilla 

Anteriortvvo-thirds of the hard palate 

Pterygoid hamulus 

Sphenoid 

Hooked proeess on the inferior end of the medial pterygoid plate, around vvhieh the tendon of 

Pterygoid plates 

Sphenoid 

one palatine muscle passes; an important dental landmark 

Bony plates on the inferior aspeet of the sphenoid bone; the lateral pterygoid plate is the site of 

(medial and lateral) 


attaehment for tvvo muscles of mastieation (ehevving) 

Styloid proeess 

Temporal 

Attaehment site for three muscles (to the tongue, pharynx, and hyoid bone) and some ligaments 

Temporal lines 

Parietal 

Where the temporalis muscle, vvhieh eloses the javv, attaehes 

Internal Features 

Crista galli 

Ethmoid 

Proeess in the anterior part of the eranial vault to vvhieh one of the eonneetive tissue eoverings 

Petrous portion 

Temporal 

of the brain (dura mater) eonneets 

Thiek, interior part of temporal bone eontaining the middle and inner ears and the auditory ossieles 

Sella turcica 

Sphenoid 

Bony structure resembling a saddle in vvhieh the pituitary gland is loeated 
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Sagittal suture 

Parietal bone 

Oeeipital bone 

Lambdoid suture 

External oeeipital 
protuberance 

Superior nuchal line 

Oeeipitomastoid suture 

Temporal bone 

(mastoid proeess) 

Zygomatie areh 

Inferior nuchal line 
Oeeipital eondyle 

Mandible 


Posterior view 

Figure 7.3 Posterior view of the Skull 

The names of the bones are in bold. 


ligamentum nuchae (noo'ké, nape of neek), an elastie ligament that 
extends down the neek and helps keep the head ereet by pulling on 
the oeeipital region of the skull. Nuchal lines are a set of small 
ridges that extend laterally from the protuberance and are the points 
of attaehment for several neek muscles. 

Lateral View of the Skull 

The parietal bone and the temporal bone form a large part of the side of 
the head (figure 7.4). The term temporal means related to time, and the 
temporal bone is so named because the hair of the temples is ofien the 
first to turn white, indieating the passage of time. The squamous 
suture joins the parietal and temporal bones. A prominent feature of the 
temporal bone is a large hole, the external acoustic meatus, or auditory 
meatus (mé-à'tus, passageway or tunnel), which transmits sound waves 
toward the eardmm. Just posterior and inferior to the external auditory 
meatus is a large inferior projeetion, the mastoid (mas'toyd, resembling 
a breast) proeess. The proeess ean be seen and felt as a prominent lump 
just posterior to the ear. The proeess is not solid bone but is filled with 
eavities ealled mastoid air eells, which are eonneeted to the middle ear. 
Neek muscles involved in rotation of the head attaeh to the mastoid 
proeess. The superior and inferior temporal lines areh aeross the lateral 



Ooronal suture 


Superior temporal line 


Frontal bone 


Inferior temporal line 


Parietal bone 


Squamous suture 

Temporal bone 


Oeeipital bone 


Lambdoid suture 


Mandibular eondyle 
External acoustic meatus 

Oeeipitomastoid suture 

Mastoid proeess 

Styloid proeess 



Zygomatie areh 


of zygomatie bone 


Mandibular ramus 
Angle of mandible 
Body of mandible 


Supraorbital foramen 
Supraorbital margin 

Sphenoid bone (greater wing) 

Nasal bone 
Laerimal bone 

Nasolaerimal eanal 
Infraorbital foramen 

Zygomatie bone 

Ooronoid proeess 
of mandible 

Maxilla 


Alveolar proeesses 


Mental foramen 

Mandible 


Lateral view 


Figlire 7.4 Right Lateral View of the Skull 

The names of the bones are in bold. 
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surface of the parietal bone. They are attaehment points of the tempora- 
lis muscle, one of the muscles of mastieation. 

The lateral surface of the greater wing of the sphenoid 
(sfé'noyd, wedge-shaped) bone is anterior to the temporal bone (see 
figure 7.4). Although appearing to be two bones, one on eaeh side of 



Frontal bone 

Supraorbital margin 
Zygomatie areh 

Nasal bone 
Zygomatie bone 
Maxilla 

Mastoid proeess 


Mandible 

Angle of mandible 


Figure 7.5 Lateral View of Bony Landmarks on the Faee 

The names of the bones are in bold. 


the skull, the sphenoid bone is actually a single bone that extends 
eompletely aeross the skull. Anterior to the sphenoid bone is the 
zygomatie (zl'gò-mat'ik, a bar or yoke) bone, or eheekbone, which 
ean be easily seen and felt on the faee (figure 7.5). 

The zygomatie areh, which eonsists of joined proeesses from 
the temporal and zygomatie bones, forms a bridge aeross the side of 
the skull (see figure 7.4). The zygomatie areh is easily felt on the side 
of the faee, and the muscles on eaeh side of the areh ean be felt as the 
jaws are opened and elosed. 

The maxilla (mak-sil'à), or upper jaw, is anterior to the zygomatie 
bone. The mandible, or lower jaw, is inferior to the maxilla (see 
figure 7.4). The mandible eonsists of two main parts: the body and the 
ramus (braneh). The body and ramus join at the angle of the man- 
dible. The superior end of the ramus has a mandibular eondyle, 
which articulates with the temporal bone, allowing movement of the 
mandible. The eoronoid (kòr'ò-noyd, shaped like a crow’s beak) pro- 
eess is the attaehment site of the temporalis muscle to the mandible. 
The maxillae and mandible have alveolar (al-vé'ò-làr) proeesses with 
soekets for the attaehment of the teeth. 

Anterior view of the Skull 

The major bones seen from the anterior view are the frontal bone 
(forehead), the zygomatie bones (eheekbones), the maxillae, and the 
mandible (figure 7.6). The teeth, which are very prominent in this 
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septum 


Frontal bone 


Parietal bone 


Sphenoid bone 


Temporal bone 


Nasal bone 


Laerimal bone 


Vomer 


Maxilla 


Mandible 



Zygomatie bone 


Perpendicular plate 

of ethmoid bone 


Figure 7.6 Anterior view of the Skull ap:r 


The names of the bones are in bold. 


Supraorbital foramen 
Ooronal suture 
Optie eanal 

Superior orbital fissure 


Orbit 


Inferior orbital fissure 
Infraorbital foramen 

Middle nasal eoneha 

Inferior nasal eoneha 
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Mental foramen 
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Frontal view 
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view, are discussed in ehapter 24. Many bones of the faee ean be eas- 
ily felt through the skin of the faee (figure 7.7). 

Two prominent eavities of the skull are the orbits and the nasal 
eavity (see figure 7.6). The orbits are so named because of the rota- 
tion of the eyes within them. The bones of the orbits (figure 7.8) 
provide proteetion for the eyes and attaehment points for the mus- 
eles moving the eyes. The major portion of eaeh eyeball is within the 
orbit, and the portion of the eye visible from the outside is relatively 
small. Eaeh orbit eontains blood vessels, nerves, and fat, as well as the 
eyeball and the muscles that move it. 

The orbit has several openings through which structures eom- 
municate between the orbit and other eavities (see figure 7.8). The 


Frontal bone 


Zygomatie bone 


Maxilla 


Mandible 



Nasal bone 


Mental 

protuberance 


Figlire 7.7 Anterior View of Bony Landmarks on the Faee 

The names of the bones are in bold. 


largest of these are the superior and inferior orbital fissures. They 
provide openings through which nerves and blood vessels commu- 
nieate with the orbit or pass to the faee. The optie nerve, for the 
sense of vision, passes from the eye through the optie eanal and 
enters the eranial eavity. The nasolaerimal (nà-zò-lak'ri-màl, nasiis, 
nose + laerima, tear) eanal passes from the orbit into the nasal eav- 
ity. It eontains a duct that earries tears from the eyes to the nasal 
eavity (see ehapter 14). 

The nasal eavity is divided into right and left halves by a nasal 
septrnn (sep'ttim, wall) (see figure 7.6; figure 7.9). The bony part of 
the nasal septum eonsists primarily of the vomer (vò'mer, shaped 
like a plowshare) inferiorly and the perpendicular plate of the eth- 
moid (eth'moyd, sieve-shaped) bone superiorly. The anterior part 
of the nasal septum is formed by hyaline eartilage ealled septal ear- 
tilage (see figure 7.9 a). The external part of the nose has some bone 
but is mostly hyaline eartilage (see figure 7.9b), which is absent in 
the dried skeleton. 


Deviated Nasal Septiim 

£l 

The nasal septum usually is loeated in the median plane until a 
person is 7 years old. Thereafter, it tends to deviate, or bulge slightly 
to one side.The septum ean also deviate abnormally at birth or, more 
eommonly, as a result of injury. Deviations ean be severe enough to 
bloek one side of the nasal passage and interfere with normal 
breathing. The repair of severe deviations requires surgery. 
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Figure 7.8 Bones of the Right Orbit ap r 

The names of the bones are in bold. 


Anterior view 
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Prediet 



A direet blow to the nose may result in a "broken nose" Using figures 7.6 and 
7.9, list the bones most likely to be broken. 


The lateral wall of the nasal eavity has three bony shelves, the nasal 
eonehae (kon'ké, resembling a eoneh shell) (see figure 7 Sb). The 
inferior nasal eoneha is a separate bone, and the middle and superior 
nasal eonehae are projeetions from the ethmoid bone. The eonehae 
and the nasal septum inerease the surface area in the nasal eavity, 
which promotes the moistening and warming of inhaled air and the 
removal of partieles from the air by overlying mucous membranes. 

Several of the bones assoeiated with the nasal eavity have large, 
air-filled eavities within them ealled the paranasal sinuses, which 


open into the nasal eavity (figure 7.10). The sinuses deerease the 
weight of the skull and aet as resonating ehambers during voiee pro- 
duction. Compare a normal voiee with the voiee of a person who has 
a eold and whose sinuses are “stopped up.” The paranasal sinuses are 
named for the bones in which they are loeated and include the paired 
frontal, sphenoidal, and maxillary sinuses. The ethmoidaÌ sinuses 
eonsist of 3 large to 18 small air-filled eavities on eaeh side and are also 
ealled ethmoid air eells. The air eells intereonneet to form the eth- 
moidal labyrinth. 

inferior View of the Skull 

Seen from below with the mandible removed, the base of the skull is 
complex, with a number of foramina and speeialized surfaces (figure 7.11 
and table 7.3). The prominent foramen magnrnn, through which the 
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(a) Medial view 
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(b) Medial view 


Figlire 7.9 Bones of the Nasal eavity 

The names of the bones are in bold. ( a ) Nasal septum as seen from the left nasal eavity. (ò) Right lateral nasal wall as seen from inside the nasal eavity with the nasal 
septum removed. 
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Frontal sinus 


Ethmoidal sinuses 


Sphenoidal sinus 


Maxillary sinus 



(a) 


Figure 7.10 Paranasal Sinuses 

(a) Anterior view. (ò) Lateral view. 


(b) 
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Foramen spinosum 


External acoustic meatus 
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Foramen magnum 


External oeeipital protuberance 


Figure 7.11 inferior View of the Skull r 

The names of the bones are in bold.The mandible has 
been removed. 
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Inferior nuchal line 


Superior nuchal line 


Inferior view 


spinal eord and brain are eonneeted, is loeated in the oeeipital bone. 
The oeeipital eondyles, loeated next to the foramen magnum, articu- 
late with the vertebral column, allowing movement of the skull. 

The major entry and exit points for blood vessels that supply the 
brain ean be seen from this view. Blood is earried to the brain by the 
internal earotid arteries, which pass through the earotid (ka-rot'id, 
put to sleep) eanals, and the vertebral arteries, which pass through 


the foramen magnum. Most blood leaves the brain through the 
internal jugular veins, which exit through the jugular foramina 
loeated lateral to the oeeipital eondyles. 

Two long, pointed styloid (stl'loyd, stylus- or pen-shaped) 
proeesses projeet from the inferior surface of the temporal bone (see 
figures 7.4 and 7.11). Muscles involved in movement of the tongue, 
hyoid bone, and pharynx attaeh to eaeh proeess. The mandibular 
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Table 7.3 


Skull Foramina, Fissures, and eanals 


Opening 

Bone Containing the Opening 

Structures Passing Through Openings 

Carotid eanal 

Temporal 

Carotid artery and earotid sympathetie nerve plexus 

External acoustic meatus 

Temporal 

Sound waves en route to the eardmm 

Foramen laeemm 

Between temporal, oeeipital, 
and sphenoid 

The foramen is fìlled with eartilage during life; the earotid 
eanal and pterygoid eanal eross its superior part but do not 
actually pass through it 

Foramen magnum 

Oeeipital 

Spinal eord, aeeessory nerves, and vertebral arteries 

Foramen ovale 

Sphenoid 

Mandibular division oftrigeminal nerve 

Foramen rotundum 

Sphenoid 

Maxillary division oftrigeminal nerve 

Foramen spinosum 

Sphenoid 

Middle meningeal artery 

Flypoglossal eanal 

Oeeipital 

Hypoglossal nerve 

ineisive fossa 

Between maxillae 

Nasopalatine nerve 

Inferior orbital fissure 

Between sphenoid and maxilla 

Infraorbital nerve and blood vessels and zygomatie nerve 

Infraorbital foramen 

Maxilla 

Infraorbital nerve 

Internal acoustic meatus 

Temporal 

Faeial nerve and vestibulocochlear nerve 

Jugular foramen 

Between temporal and oeeipital 

Internal jugular vein, glossopharyngeal nerve, vagus nerve, and 
aeeessory nerve 

Mandibular foramen 

Mandible 

Inferior alveolar nerve to the mandibular teeth 

Mental foramen 

Mandible 

Mental nerve 

Nasolaerimal eanal 

Between laerimal and maxilla 

Nasolaerimal (tear) duct 

Olfaetory foramina 

Ethmoid 

Olfaetory nerves 

Optie eanal 

Sphenoid 

Optie nerve and ophthalmie artery 

Stylomastoid foramen 

Temporal 

Faeial nerve 

Superior orbital fissures 

Sphenoid 

Oculomotor nerve, troehlear nerve, ophthalmie division of 
trigeminal nerve, abducent nerve, and ophthalmie veins 

Supraorbital foramen or noteh 

Frontal 

Supraorbital nerve and vessels 


fossa, where the mandibular eondyle articulates with the skull, is 
anterior to the mastoid proeess. 

The posterior opening of the nasal eavity is bounded on eaeh 
side by the vertieal bony plates of the sphenoid bone: the medial 
pterygoid (ter'i-goyd, wing-shaped) plates and the lateral pterygoid 
plates. Muscles that help move the mandible attaeh to the lateral 
pterygoid plates (see ehapter 9). The vomer forms most of the 
posterior portion of the nasal septum. 

The hard palate, or bony palate, forms the floor of the nasal eavity. 
Sutures join four bones to form the hard palate; the palatine proeesses of 
the two maxillary bones form the anterior two-thirds of the palate, and 
the horizontal plates of the two palatine bones form the posterior one- 
third of the palate. The tissues of the soft palate extend posteriorly from 
the hard palate. The hard and soft palates separate the nasal eavity from 
the mouth, enabling humans to chew and breathe at the same time. 



eieft Lip or Palate 

During development, the faeial bones sometimes fail to fuse with 
oneanother. A deft lip results if the maxillae do not form normally, and 
a deft palate occurs when the palatine proeesses of the maxillae do 
not fuse with one another. A eleft palate produces an opening between 
the nasal and oral eavities, making it difficult to eat or drink or to speak 
distinetly. A eleft lip and eleft palate may also occur in the same person. 


interior of the eranial eavity 

The eranial eavity is the eavity in the skull occupied by the brain. 
When the floor of the eranial eavity is viewed from above with the 
ealvaria cut away (figure 7.12), it ean be divided into anterior, 
middle, and posterior eranial fossae, which are formed as the devel- 
oping skull eonforms to the shape of the brain. 

The erista galli (kris'tà gàl'é, rooster’s eomb) of the ethmoid 
bone is a prominent ridge loeated in the eenter of the anterior 
fossa. It is a point of attaehment for one of the meninges (mé- 
nin'jéz), a thiek eonneetive tissue membrane that supports and 
proteets the brain (see ehapter 11). On eaeh side of the erista galli 
are the eribriform (krib'ri-fòrm, sievelike) plates of the ethmoid 
bone. The olfaetory nerves extend from the eranial eavity into the 
roof of the nasal eavity through sievelike perforations in the erib- 
riform plate ealled olfaetory foramina (see ehapter 14). 

The sphenoid bone extends from one side of the skull to the 
other. The eenter of the sphenoid bone is modified into a structure 
resembling a saddle, the sella turcica (sel'à tur'si-kà, Turkish saddle), 
which is occupied by the pimitary gland in life. 

The petrous (roeky) part of the temporal bone is a thiek, bony 
ridge lateral to the foramen magnum. It is hollow and eontains the 
middle and inner ears. The auditory ossieles are loeated in the middle 
ear. An internal earotid artery enters the external opening of eaeh earotid 
eanal (see figure 7.11) and passes through the earotid eanal, which 
runs anteromedially within the petrous part of the temporal bone. 
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Foramen magnum 


Superior view 


Figlire 7.12 Floor of the eranial eavity apìR, 

The names of the bones are in bold. The roof of the skull has been removed, and the floor is seen from a superior view. 


A thin plate of bone separates the earotid eanal from the middle ear, 
making it possible for a person to hear his or her own heartbeat— 
for example, when frightened or after rnnning. 

Most of the foramina seen in the interior view of the skull, such 
as the foramen magnum and optie eanals, ean also be seen externally. 
A few foramina, such as the internal acoustic meatus, do not open 
to the outside. The vestibulocochlear nerve for hearing and balanee 
passes through the internal acoustic meatus and eonneets to the inner 
ear within the temporal bone. 

5 Name the major sutures separating the frontal, parietal, oeeipital, and 
temporal bones. 

6 Name the parts of the bones that eonneet the skull to the vertebral 
column and that eonneet the mandible to the temporal bone. 

7 Deseribe the bones and eartilage found in the nasal septum. 

8 What is a sinus? What are the functions of sinuses? Give the loeation of 
the paranasal sinuses. Where else in the skull are there air-filled spaees? 

9 Name the bones that form the hard palate. What is the function of 
the hard palate? 

10 Through whatforamen doesthe brainstem eonneettothe spinal eord? 
Name the foramina that eontain nerves for the senses of vision (optie 
nerve), smell (olfaetory nerves), and hearing (vestibulocochlear nerve). 

11 Name the foramina through which the major blood vessels enter and 
exit the skull. 

12 List the plaees where the following muscles attaeh to the skull: neek 
muscles, throat muscles, muscles of mastieation, muscles of faeial 
expression, and muscles that move the eyeballs. 


Hyoid Bone 

The hyoid bone (figure 7.13), which is unpaired, is often listed 
among the faeial bones because it has a developmental origin in eom- 
mon with the bones of the faee. It is not, however, part of the adult 
skull. The hyoid bone has no direet bony attaehment to the skull. 
Instead, muscles and ligaments attaeh it to the skull, so the hyoid 
“floats” in the superior aspeet of the neek just below the mandible. 
The hyoid bone provides an attaehment point for some tongue 
muscles, and it is an attaehment point for important neek muscles 
that elevate the larynx during speeeh or swallowing. 

13 Where is the hyoid bone loeated and what does it do? 

Vertebral Column 

The vertebral ( verto, to turn) column, or baekbone, is the eentral 
axis of the skeleton, extending from the base of the skull to slightly 
past the end of the pelvis (see figure 7.1). The vertebral column per- 
forms five major fiinetions: (1) It supports the weight of the head and 
trunk, (2) it proteets the spinal eord, (3) it allows spinal nerves to exit 
the spinal eord, (4) it provides a site for muscle attaehment, and 
(3) it permits movement of the head and trunk. 

The vertebral column usually eonsists of 26 individual bones, 
grouped into five regions (figure 7.14). Seven eervieal (ser'ví-kal, 
neek) vertebrae, 12 thoraeie (thò-ras'ik, ehest) vertebrae, 5 lumbar 
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Figure 7.13 Hyoid Bone 


(lum'bar, loin) vertebrae, 1 saeral (sà'kràl, saered) bone, and 1 eoeeygeal 
(kok-sij'é-àl, shaped like a cuckoos bill) bone make up the vertebral 
column. The eervieal vertebrae are designated “C,” thoraeie “T,” 
lumbar “L,” saeral “S,” and eoeeygeal “CO.” A number after the let- 
ter indieates the number of the vertebra, from superior to inferior, 
within eaeh vertebral region. The developing embryo has 33 or 34 
vertebrae, but the 3 saeral vertebrae fuse to form 1 bone, and the 4 
or 3 eoeeygeal bones usually fuse to form 1 bone. 

The five regions of the adult vertebral column have four major 
curvatures (see figure 7.14). The primary thoraeie and saeral curves 
appear during embryonie development and refleet the C-shaped 
curve of the embryo and fetus within the uterus. When the infant 
raises its head in the first few months after birth, a seeondary curve, 
which is eoneave posteriorly, develops in the neek. Later, when the 
infant learns to sit and then walk, the lumbar portion of the column 
also beeomes eoneave posteriorly. 



Abnormal spinal Curvatures 


Lordosis (lòr-dò'sis, hollow baek) is an exaggeration of the eon- 
eave curve of the lumbar region, resulting in a swayback eondition. 
Kyphosis (kl-fò'sis, hump baek) is an exaggeration of the convex 
curve of the thoraeie region, resulting in a hunchback eondition. 
Seoliosis (skó'lè-ó'sis) is an abnormal lateral and rotational curvature 
of the vertebral column, which is often aeeompanied by seeondary 
abnormal curvatures, such as kyphosis. 


Cervical 

region 

(eoneave 

posteriorly) 


Thoraeie 

region 

(convex 

posteriorly) 


Lumbar 
region 
(eoneave 
posteriorly) 


Saeral and 

eoeeygeal 

regions 

(convex 

posteriorly) 


First eervieal vertebra 
(atlas) 

Seeond eervieal vertebra 
(axis) 


v 


t 


Seventh eervieal vertebra 
First thoraeie vertebra 


í 


■ 


i 


Intervertebral foramina 




* i 






Body 

Intervertebral disk 


i 








Twelfth thoraeie vertebra 










First lumbar vertebra 


■ i— 




Transverse proeess 


Spinous proeess 


M 


í J I 


I + 


Fifth lumbar vertebra 
Saeral promontory 




Sacrum 


Coccyx 


Lateral view 

Figure 7.14 eomplete vertebral Column víewed from the 

LeftSide ap:r 

Viewed from the baek, the vertebral column has four curvatures.The eervieal 
and lumbar curvatures are eoneave posteriorly (curve in) and the thoraeie and 
saeral curvatures are convex posteriorly (curve out). 


14 What are the functions of the vertebral column? 

15 Name and give the number of the bonesforming the vertebral column. 

16 Deseribe the four major curvatures of the vertebral column and how 
they develop. 
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General Plan of the vertebrae 

Eaeh vertebra eonsists of a body, an areh, and various proeesses. The 
weight-bearing portion of the vertebra is the body (table 7 Aa). The 
vertebral areh projeets posteriorly from the body. Eaeh vertebral 
areh eonsists of two pedieles (pedT-klz, feet), which are attaehed to 


the body, and two laminae (lam'i-né, thin plates), which extend 
from the transverse proeesses to the spinous proeess. The vertebral 
areh and the posterior part of the body surround a large opening 
ealled the vertebral foramen. The vertebral foramina of adjaeent 
vertebrae eombine to form the vertebral eanal (table 7Ab ), which 


Table 7.4 


General Structure of a vertebra 


Feature 

Deseription 


Body 

Disk-shaped; usually the largest part with flat surfaces direeted superiorly and inferiorly; forms the anterior wall of the 
vertebral foramen; intervertebral disks are loeated between the bodies 


Vertebral foramen 

Hole in eaeh vertebra through which the spinal eord passes; adjaeent vertebral foramina form the vertebral eanal 


Vertebral areh 

Forms the lateral and posterior walls of the vertebral foramen; possesses several proeesses and articular surfaces 



Pediele 

Lamina 

Transverse proeess 
Spinous proeess 


Articular proeesses 


Intervertebral notehes 


Foot of the areh with one on eaeh side; forms the lateral walls of the vertebral foramen 
Posterior part of the areh; forms the posterior wall of the vertebral foramen 

Proeess projeeting laterally from thejunction ofthe lamina and pediele; a site of muscle attaehment 

Proeess projeeting posteriorly at the point where the two laminae join; a site of muscle attaehment; strengthens the vertebral 
column and allows for movement 

Superior and inferior projeetions eontaining articular faeets where vertebrae articulate with eaeh other; strengthen the 
vertebral column and allow for movement 

Form intervertebral foramina between two adjaeent vertebrae through which spinal nerves exit the vertebral eanal 
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ehapter 7 


eontains the spinal eord and cauda equina, which is a eolleetion of 
spinal nerves (see ehapter 11). The vertebral arehes and bodies pro- 
teet the spinal eord and cauda equina. 

A transverse proeess extends laterally from eaeh side of the areh 
between the lamina and pediele, and a single spinous proeess is pres- 
ent at the junction between the two laminae (see table 7Aa). The 
spinous proeesses ean be seen and felt as a series of lumps down the 
midline of the baek (figure 7.15). The transverse and spinous pro- 
eesses are attaehment sites for muscles moving the vertebral column. 

Support and movement of the vertebral column are made pos- 
sible by the articular proeesses. Eaeh vertebra has two superior and 
two inferior articular proeesses, with the superior proeesses of one 
vertebra articulating with the inferior proeesses of the next superior 
vertebra (table 7Ae). Overlap of these proeesses helps hold the verte- 
brae together. Eaeh articular proeess has a smooth articular faeet 
(fas'et, little faee), which allows movement between the proeesses 
(see table 7 Aa). 

Spinal nerves exit the vertebral eanal through the intervertebral 
foramina (see table 7 Ad and figure 7.14). Eaeh intervertebral fora- 
men is formed by intervertebral notehes in the pedieles of adjaeent 
vertebrae. 

Spina Bifida 

Sometimes vertebral laminae partly or eompletely fail to fuse (or 
even fail to form) during fetal development, resulting in a eondition 
ealled spina bifìda (spí'nà bifi-dà, split spine). This defeet is most 
eommon in the lumbar region. If the defeet is severe and involves 
the spinal eord (figure A), it may interfere with normal nerve function 
belowthe point of the defeet. 


Posterior 
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Superior view 

Figure A Spina Bifida 


17 What is the weight-bearing part of a vertebra? 

18 Deseribe the structures forming the vertebral foramen and the 
vertebral eanal. What structures are found within them? 

19 What are the functions of the transverse and spinous proeesses? 

20 Deseribe how superior and inferior articular proeesses help support 
and allow movement of the vertebral column. 

21 Where do spinal nerves exit the vertebral column? 
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Figure 7.15 Surface view of the Baek Showing the 

Scapula and vertebral Spinous Proeesses 

Intervertebral Disks 

Intervertebral disks are pads of fibroeartilage loeated between the 
bodies of adjaeent vertebrae (figure 7.16). They aet as shoek absorbers 
between the vertebral bodies and allow the vertebral column to bend. 
The intervertebral disks eonsist of an external annulus fibrosus (an'u- 
lus fl-brò'sus, fibrous ring) and an internal, gelatinous nucleus pulpo- 
sus (pul-pò'sus, pulp). The disk beeomes more eompressed with 
inereasing age so that the distanee between vertebrae and therefore the 
overall height of the individual deereases. The annulus fibrosus also 
beeomes weaker with age and more susceptible to herniation. 

Herniated, or Riiptrired, Intervertebral Disk 

A herniated, or ruptured, disk results from the breakage or bal- 
looning of the annulus fìbrosus with a partial or eomplete release of 
the nucleus pulposus (figure B). The herniated part of the disk may 
push against and eompress the spinal eord, cauda equina, or spinal 
nerves, eompromising their normal function and producing pain. 
Herniation of the inferior lumbar intervertebral disks is most eommon, 
but herniation of the inferior eervieal disks is almost as eommon. 
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Figure B Herniated Disk 

Part of the annulus fibrosus has been removed to reveal the nucleus 
pulposus in the eenter of the diskand in the intervertebral foramen. 
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ealled bifid (bl'fid, split) spinous proeesses (see figiire 7 A7b and e). 
Tfie spinous proeess of the seventh eervieal vertebra is not bifid; it is 
often quite pronounced and often ean be seen and felt as a lump 
between the shoulders (see figure 7.15) ealled the vertebra prominens. 
Although the vertebra prominens usually marks the division between 
the eervieal and thoraeie vertebrae, sometimes it is part of the sixth 
eervieal vertebra or the first thoraeie vertebra. 

The thoraeie vertebrae (see figure 7.14; figure 7A7d) have 
attaehment sites for the ribs. The first 10 thoraeie vertebrae have 
articular faeets on their transverse proeesses, where they articulate with 
the tubercles of the ribs. Additional articular faeets are on the superior 
and inferior margins of the body where the heads of the ribs articulate 
(see “Ribs and Costal Cartilages,” p. 165). Thoraeie vertebrae have 
long, thin spinous proeesses, which are direeted inferiorly. 

The lumbar vertebrae (see figure 7.14; figure 7A7e) have large, 
thiek bodies and heavy, rectangular transverse and spinous pro- 
eesses. The superior articular faeets faee medially, and the inferior 
articular faeets faee laterally. When the superior articular surface of 
one lumbar vertebra joins the inferior articulating surface of another 
lumbar vertebra, the arrangement tends to “loek” adjaeent lumbar 
vertebrae together, giving the lumbar part of the vertebral column 
more stability and limiting rotation of the lumbar vertebrae. The 
articular faeets in other regions of the vertebral column have a more 
“open” position, allowing for more movement but less stability. 


Prediet 



Cervical vertebrae have small bodies, whereas lumbar vertebrae have large 
bodies. Explain. 


(b) Superior view 

Figlire 7.16 Intervertebral Disk ap r. 


22 What is the function of the intervertebral disks? Name the two parts 
of the disk. 

Regional Differenees in vertebrae 

The vertebrae of eaeh region of the vertebral column have speeifie 
eharaeteristies that tend to blend at the boundaries between regions 
(figure 7.17 and table 7.5). The eervieal vertebrae all have a trans- 
verse foramen in eaeh transverse proeess through which the vertebral 
arteries extend toward the head. 

The first eervieal vertebra is ealled the atlas (see figure 7A7a) 
because it holds up the head, just as Atlas in elassieal mythology held up 
the world. The atlas has no body, but it has large superior articular faeets 
where it articulates with the oeeipital eondyles on the base of the skull. 
This joint allows the head to move in a “yes” motion or to tilt from side 
to side. The seeond eervieal vertebra is ealled the axis (see figure 7A7b) 
because it has a projeetion around which the atlas rotates to produce a 
“no” motion of the head. The projeetion is ealled the dens (denz, tooth- 
shaped) or odontoid (ò-don'toyd, tooth-shaped), proeess. 

The atlas does not have a spinous proeess (see figure 7A7d). The 
spinous proeess of most eervieal vertebrae end in two parts and are 


The five saeral (sà'kràl) vertebrae (see figure 7.14; figure 7.18) 
are fused into a single bone ealled the sacrum (sà'krtim). Although 
the margins of the saeral bodies unite after the twentieth year, the 
interior of the saemrn is not ossified until midlife. The transverse 
proeesses fuse to form the lateral parts of the saernm. The superior 
lateral part of the saernm forms wing-shaped areas ealled the alae 
(à'lé, wings). Much of the lateral surfaces of the sacrum are ear- 
shaped auricular surfaces, which join the saemrn to the pelvie 
bones. The spinous proeesses of the first four saeral vertebrae partially 
fuse to form projeetions, ealled the median saeral erest. The spinous 
proeess of the fifth saeral vertebra does not form, thereby leaving a 
saeral hiatus (hl-à'tus), or gap, which exposes the saeral eanal. The 
vertebral eanal within the saemm is ealled the saeral eanal. The 
saeral hiams is used to gain entry into the saeral eanal to administer 
anesthetie injeetions—for example, just before ehildbirth. The ante- 
rior edge of the body of the first saeral vertebra bulges to form the 
saeral promontory, a landmark that separates the abdominal eavity 
from the pelvie eavity. The saeral promontory ean be felt during a 
vaginal examination, and it is used as a referenee point during mea- 
surement to determine if the pelvie openings are large enough to 
allow for normal vaginal delivery of a baby. 

The coccyx (kok'siks, shaped like a cuckoo’s bill), or tailbone, 
usually eonsists of four more or less fused vertebrae (see figure 7.18). 
The vertebrae of the coccyx do not have the typieal structure of most 
other vertebrae. They eonsist of extremely reduced vertebral bodies, 
without the foramina or proeesses, usually fused into a single bone. 
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(e) Lumbar vertebra, superior view 


Figure 7.17 Regional Differenees in vertebrae 

Posterior is shown at the top of eaeh illustration. 


Table 7.5 


eomparison of vertebral Regtons 
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(b) Posterior view 

Figure 7.18 Sacrum 


Thoraeie Cage 

The thoraeie eage, or rib eage, proteets the vital organs within the 
thorax and forms a semirigid ehamber that ean inerease and deerease 
in volume during breathing. It eonsists of the thoraeie vertebrae, the 
ribs with their assoeiated eostal (rib) eartilages, and the sternum 

(figure 7.l9a). 

Ribs and eostal eartilages 

There are 12 pairs of ribs, which are numbered 1 through 12, start- 
ing with the most superior rib. All of the ribs articulate posteriorly 
with the thoraeie vertebrae. Costal eartilages attaeh many of the ribs 
anteriorly to the sternum. Movement of the ribs relative to the verte- 
brae and the flexibility of the eostal eartilages allow the thoraeie eage 
to ehange shape during breathing. 

The ribs are elassified by their anterior attaehments as true or 
false ribs. The true ribs attaeh direetly through their eostal eartilages 
to the sternum. The superior seven pairs of ribs are true ribs. The 
false ribs do not attaeh to the sternum. The inferior five pairs of ribs 
are false ribs. On eaeh side, the three superior false ribs are joined by 
a eommon eartilage to the eostal eartilage of the seventh true rib, 
which in turn is attaehed to the sternum. The two inferior pairs of 
false ribs are also ealled floating ribs because they do not attaeh to 
the sternum. 

Most ribs have two points of articulation with the thoraeie verte- 
brae (figure 7.19^ and e). First, the head articulates with the bodies of 
two adjaeent vertebrae and the intervertebral disk between them. The 
head of eaeh rib articulates with the inferior articular faeet of the supe- 
rior vertebra and the superior articular faeet of the inferior vertebra. 
Seeond, the tubercle articulates with the transverse proeess of the infe- 
rior vertebra. The neek is between the head and mberele, and the body, 
or shaft, is the main part of the rib. The angle of the rib is loeated just 
lateral to the tubercle and is the point of greatest curvature. 

■*hì» 

Rib Defeets 

A separated rib is a disloeation between a rib and its eostal earti- 
lage. As a result of the disloeation, the rib ean move, override adjaeent 
ribs, and cause pain. Separation of the tenth rib is the most eommon. 

The angle is the weakest part of the rib and may be fractured in 
a emshing aeeident, such as an automobile aeeident. Broken rib ends 
ean damage internal organs, such as the lungs, spleen, liver, and 
diaphragm. 


The coccyx is easily broken in a fall in which a person sits down hard 
on a solid surface. Also, a mother’s coccyx may be fraemred during 
ehildbirth. 

23 Deseribe the eharaeteristies that distinguish the different types 
of vertebrae. 

24 Deseribe the movements of the head produced by the atlas and axis. 


Prediet 



Which bone is the loneliest bone in the body? 


Sternum 

The sternum, or breastbone, has three parts (see figure 7A9a)\ the 
manubrium (mà-noo'bré-iim, handle), the body, and the xiphoid 
(zi'foyd, sword) proeess. The sternum resembles a sword, with the 
manubrium forming the handle, the body forming the blade, and the 
xiphoid proeess forming the tip. At the superior end of the sternum, 
a depression, ealled the jugular noteh, is loeated between the ends 
of the elavieles where they articulate with the manubrium of the 
sternum. The jugular noteh ean easily be found at the base of the 
neek (figure 7.20). A slight ridge, ealled the sternal angle, ean be felt 
at the junction of the manubrium and the body of the sternum. 
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(b) Inferior view 


Figlire 7.19 Thoraeie Cage IM’IRJ 

(a) Entire thoraeie eage as seen from an anterior view. (ò) Typieal rib, inferior view. 

(e) Photograph of two thoraeie vertebrae and the proximal end of a rib, as seen from 
the left side, showing the relationship between the vertebra and the head and tubercle 
of the rib. 
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Figure 7.20 Surface Anatomy Shovving Bones of the 
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eiinieal importanee of the Sternum 

The sternal angle is important elinieally because the seeond rib is 
found lateral to it and ean be used as a starting point for counting 
the other ribs. Counting ribs is important because they are land- 
marks used to loeate structures in the thorax, such as areas of the 
heart.The sternum often is used as a sitefortaking red bone marrow 
samples because it is readily aeeessible. Because the xiphoid proeess 
of the sternum is attaehed only at its superior end, it may be broken 
during cardiopulmonary resuscitation (CPR) and then may laeerate 
the underlying liver. 
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25 What are the functions of the thoraeie (rib) eage? Distinguish among 
true, false, and floating ribs, and give the number of eaeh type. 

26 Deseribe the articulation of the ribs with thoraeie vertebrae. 

27 Deseribe the parts of the sternum. What structures attaeh to the 
sternum? 


7.3 Appendicular Skeleton 

The appendicular skeleton (see figure 7.1) eonsists of the bones of the 
upper and lower limbs and the girdles by which they are attaehed 
to the body. The term girdle means a belt or a zone and refers to the 
two zones, peetoral and pelvie, where the limbs are attaehed to the 
body. The peetoral girdle attaehes the upper limbs to the body and 
allows eonsiderable movement of the upper limbs. This freedom of 
movement allows the hands to be plaeed in a wide range of positions 
to aeeomplish their fimetions. The pelvie girdle attaehes the lower 
limbs to the body, providing support while allowing movement. The 
pelvie girdle is stronger and attaehed much more firmly to the body 
than is the peetoral girdle, and the lower limb bones in general are 
thieker and longer than those of the upper limb. 

Peetoral Girdle 

The peetoral (pek'tó-ràl) girdle, or shoulder girdle, eonsists of 
two scapulae (skap'u-làé), or shoulder blades, and two elavieles 
(klav'i-klz, key), or eollarbones (see figure 7.1). Eaeh humerus 
(arm bone) attaehes to a scapula, which is eonneeted by a elaviele 
to the sternum (figure 7.21). The scapula is a flat, triangular bone 
(figure 7.22) that ean easily be seen and felt in a living person (see 
figure 7.15). The glenoid (glen'oyd) eavity is a depression where the 
humerus eonneets to the scapula. The scapula has three fossae where 
muscles extending to the arm are attaehed. The scapular spine, 
which runs aeross the posterior surface of the scapula, separates two 
of these fossae. The supraspinous fossa is superior to the spine and 
the infraspinous fossa is inferior to it. The subscapular fossa is on 
the anterior surface of the scapula. The aeromion (à-krò'mé-on, 
akron, tip + omos, shoulder) is an extension of the spine forming the 
point of the shoulder. The aeromion forms a proteetive eover for the 
shoulder joint and is the attaehment site for the elaviele and some of 
the shoulder muscles. The eoraeoid (kòr'à-koyd, crow’s beak) pro- 
eess curves below the elaviele and provides attaehment for arm and 
ehest muscles. 

The elaviele is a long bone with a slight sigmoid (S-shaped) curve 
(figure 7.23) and is easily seen and felt in the living human (see figure 
7.20). The aeromial (lateral) end of the elaviele articulates with 
the aeromion of the scapula, and the sternal (medial) end articulates 
with the manubrium of the sternum. The peetoral girdle’s only attaeh- 
ment to the axial skeleton is at the sternum. Mobility of the upper 
limb is enhaneed by movement of the scapula, which is possible 
because the elaviele ean move relative to the sternum. For example, 
feel the movement of the elaviele when shmgging the shoulders. 

28 Name the bones that make up the peetoral girdle. Deseribe their 
functions. 

29 What are the functions of the aeromion and the eoraeoid proeess of 
the scapula? 
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Figlire 7.21 Bones of the Peetoral Girdle and Upper Limb apr 


Prediet 


5 


How does a broken elaviele ehange the position of the upper limb? 


Upper Limb 

The upper limb eonsists of the bones of the arm, forearm, wrist, and 
hand (see figure 7.21). 

Arm 

The arm is the part of the upper limb from the shoulder to the elbow. It 
eontains only one bone, the humerus (figure 7.24). The humeral head 
articulates with the glenoid eavity of the scapula. The anatomieal neek, 
around the head of the humerus, is where eonneetive tissue holding the 
shoulder joint together attaehes. The surgical neek is so named because 
it is a eommon fraemre site that often requires surgical repair. If it 
beeomes neeessary to remove the humeral head because of disease or 
inj ury, it is removed down to the surgical neek. The greater tubercle and 
the lesser tubercle are sites of muscle attaehment. The intertubercular 
groove, or bieipital (bl-sip' i-tàl) groove, between the tubercles eontains 
one tendon of the bieeps braehii muscle. The deltoid tuberosity is 
loeated on the lateral surface of the humerus a little more than a third of 
the way along its length and is the attaehment site for the deltoid muscle. 

Condyles on the distal end of the humerus articulate with the 
two forearm bones. The capitulum (kà-pit'u-lum, head-shaped) is 
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Figlire 7.22 Right Scapula 
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Figure 7.23 Right eiaviele 


point of the elbow) is the posterior proeess forming the tip of the elbow 
(see figure 7.25). It ean easily be felt and is eommonly referred to as “the 
elbow.” Posterior arm muscles attaeh to the oleeranon. The smaller, 
anterior proeess is the eoronoid (kòr'ó-noyd, crows beak) proeess. 

The proximal end of the radius is the head. It is eoneave and 
articulates with the capitulum of the humerus. Movements of the 
radial head relative to the capitulum and of the troehlear noteh 
relative to the troehlea allow the elbow to bend and straighten. The 
lateral surfaces of the radial head form a smooth eylinder where the 
radius rotates against the radial noteh of the ulna. As the forearm 
supinates and pronates (see “Types of Movements,” p. 183), the 
proximal end of the ulna stays in plaee and the radius rotates. 


very rounded and articulates with the radius. The troehlea (trok'lé-à, 
spool) somewhat resembles a spool or pulley and articulates with the 
ulna. Proximal to the capitulum and the troehlea are the medial and 
lateral epieondyles, which are points of muscle attaehment for the 
muscles of the forearm. They ean be found as bony protuberances 
proximal to the elbow (figure 7.25). 

Forearm 

The forearm has two bones (figure 7.26). The ulna is on the medial 
(little finger) side of the forearm, whereas the radius is on the lateral 
(thumb) side of the forearm. 

The proximal end of the ulna has a C-shaped articular surface 
ealled the troehlear noteh, or semilunar noteh, that fits over the 
troehlea of the humerus, forming most of the elbow joint. The troehlear 
noteh is bounded by two proeesses. The oleeranon (ò-lek'rà-non, the 




Explain the functions of the oleeranon, eoronoid, and radial fossae on the distal 
humerus (see figure 7.24). 


Just distal to the elbow joint, the radial tuberosity and the 
ulnar tuberosity are attaehment sites for arm muscles. 

The distal end of the ulna has a small head, which articulates 
with both the radius and the earpal (wrist) bones (see figure 7.26). 
The head ean be seen as a prominent lump on the posterior, medial 
(ulnar) side of the distal forearm (see figure 7.25). The distal end of 
the radius, which articulates with the ulna and the earpal bones, is 
somewhat broadened. The ulna and radius have small styloid 
(stl'loyd, shaped like a stylus or writing instmment) proeesses to 
which ligaments of the wrist are attaehed. 
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Figlire 7.24 Right Hiimeriis apìR 



Radius Fractures 

The radius is the most eommonly fractured bone in people over 
50 years old. It is often fractured as the result of a fall on an out- 
stretehed hand, which results in posterior displaeement of the hand. 
Typieally, there is a eomplete transverse fracture of the radius 2.5 em 
proximal to the wrist.The fracture is often comminuted or impaeted. 
Such a fracture is ealled a Colles fracture. 


Wrist 


The wrist is a relatively short region between the forearm and hand; it 
is eomposed of eight earpal (kar'pàl) bones arranged into two rows of 


four eaeh (figure 7.27). The proximal row of earpal bones, lateral to 
medial, includes the seaphoid (skaf'oyd, boat-shaped), lunate 
(loo'nàt, moon-shaped), triquetrum (trl-kwé'trum, trl-kwet'rum, 
three-eornered), and pisiform (pis'i-fòrm, pea-shaped). The distal row 
of earpal bones, from medial to lateral, includes the hamate (ha'màt, 
hook), eapitate (kap'i-tàt, head), trapezoid (trap' é-zoyd, a four-sided 
geometrie form with two parallel sides), and trapezium (tra-pé'zé-um, 
a four-sided geometrie form with no two sides parallel). A number of 
mnemonies have been developed to help students remember the earpal 
bones. The following mnemonie allows students to remember them in 
order from lateral to medial for the proximal row (top) and from 
medial to lateral (by the thumb) for the distal row: So Long Top Part, 
Here Comes The Thumb—that is Seaphoid, Lunate, Triquetrum, 
Pisiform, Hamate, Capitate, Trapezoid, and Trapezium. 
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Figlire 7.27 Bones of the Right Wrist and Hand ap r 

m 

earpal Tunnel Syndrome 

The bones and ligaments on the anterior side of the wrist form a 
earpal tunnel, which does not have much "give" Tendons and 
nerves pass from the forearm through the earpal tunnel to the hand. 
Fluid and eonneetive tissue ean accumulate in the earpal tunnel as a 
result of inflammation assoeiated with ovemse or trauma. The 
inflammation ean also cause the tendons in the earpal tunnel to 
enlarge. The accumulated fluid and enlarged tendons ean apply 
pressure to a major nerve passing through the tunnel. The pressure 
on this nerve causes earpal tunnel syndrome, the symptoms of 
which are tingling, burning, and numbness in the hand 


Hand 

Five metaearpal (met'à-kar'pàl, after the earpals) bones are attaehed 
to the earpal bones and constitute the bony framework of the hand (see 
fìgure 7.27). They are numbered 1 through 5, starting with the most 
lateral metaearpal, at the base of the thumb. The distal ends of the 
metaearpal bones help form the knuckles of the hand (see figure 7.25). 

The five digits of eaeh hand include one thumb and four fingers. 
The digits are also numbered 1 through 5, starting from the thumb. 
Eaeh digit eonsists of small long bones ealled phalanges (fà-lan'jéz, 
sing. phalanx, a line or wedge of soldiers holding their spears, tips 
outward, in front of them). The thumb has two phalanges, ealled 
proximal and distal. Eaeh finger has three phalanges designated 
proximal, middle, and distal. One or two sesamoid (ses'à-moyd, 
resembling a sesame seed) bones (not shown in figure 7.27) often form 
near the junction between the proximal phalanx and the metaearpal of 
the thumb. Sesamoid bones are small bones loeated within some ten- 
dons, inereasing their meehanieal advantage where they eross joints. 


30 Distinguish between the anatomieal and surgical neeks of the humerus. 

31 Name the important sites of muscle attaehment on the humerus. 

32 Give the points of articulation between the scapula, humerus, radius, 
ulna, and wrist bones. 

33 What is the function of the radial and ulnar tuberosities? 

Of the styloid proeesses? 

34 Name the part of the ulna eommonly referred to as"the elbow." 

35 Listthe eight earpal bones. 

36 What bones form the hand?The knuckles? 

37 Name the phalanges in a thumb and in a finger. 


Prediet 



Explain why a dried, articulated skeleton appears to have much longer"fingers" 
than are seen in a hand with the soft tissue intaet. 


Pelvie Girdle 

The pelvie girdle is the plaee of attaehment for the lower limbs, it 
supports the weight of the body, and it proteets internal organs 
(figure 7.28). The right and left coxal (kok'sul) bones, os coxae, or 
hipbones, join eaeh other anteriorly and the sacrum posteriorly to 
form a ring of bone ealled the pelvie girdle. The pelvis (pel'vis, 
basin) includes the pelvie girdle and the coccyx (figure 7.29). Because 
the pelvie girdle is a eomplete bony ring, it provides more stable sup- 
port but less mobility than the ineomplete ring of the peetoral girdle. 
In addition, the pelvis in a woman proteets a developing fetus and 
forms a passageway through which the fetus passes during delivery. 
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Figlire 7.28 Bones of the Pelvie Girdle and Lovver Limb 
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Eaeh coxal bone is formed by three bones fused to one another 
to form a single bone (see figure 7.29). Tbe iliiim (il'é-tim, groin) is 
the superior, the ischium (is'ké-iim, hip) is inferior and posterior, 
and the pubis (pii'bis, genital hair) is inferior and anterior. The coxal 
bones join anteriorly at the symphysis (sim'fi-sis, a eoming together) 
pubis, or pubic symphysis. Posteriorly, eaeh coxal bone joins the 
saernm at the saeroiliae joint. 

A fossa ealled the acetabulum (as-é-tab'u-lum, a shallow vinegar 
cup—a eommon household item in aneient times) is loeated on the 
lateral surface of eaeh coxal bone (figure 7.30a). In a ehild, the joints 
between the ilium, ischium, and pubis ean be seen. The bones fuse 
together in some loeations by the seventh or eighth year. Complete 
fusion within the acetabulum occurs between the sixteenth and 
eighteenth years. The acetabulum is the point of articulation of the 
lower limb with the pelvie girdle. The articular, lunate surface of the 
acetabulum is ereseent-shaped and occupies only the superior and 
lateral aspeets of the fossa (figure 730b). Inferior to the acetabulum is 
the large obturator (ob'too-rà-tór, to occlude or elose up) foramen. 
In life, the obturator foramen is almost eompletely elosed off by a 
eonneetive tissue membrane, which separates the pelvie eavity from 
more superficial structures. Despite its large size, only a few small 
blood vessels and nerves pass through the obturator foramen. 

The superior portion of the ilium is ealled the iliae erest (see 
figure 730b; figure 7.30c). The erest ends anteriorly as the anterior 
superior iliae spine and posteriorly as the posterior superior iliae 
spine. The erest and anterior spine ean be felt and even seen in thin 
individuals (figure 7.31). The anterior superior iliae spine is an impor- 
tant anatomieal landmark used, for example, to find the eorreet loea- 
tion for giving gluteal injeetions into the hip. A dimple overlies the 
posterior superior iliae spine just superior to the buttocks. 



Gluteal injeetions 


The large gluteal (hip) muscles (see ehapter 9) are a eommon site 
for intramuscular injeetions. Gluteal injeetions are made in the 
superolateral region of the hip (fìgure C) so as to avoid a large nerve 
(the seiatie nerve) (see ehapter 11) loeated more posteriorly. The 
landmarks for such an injeetion are the anterior superior iliae spine 
and the tubercle of the iliae erest, which lies about one-third of the 
way along the iliae erest from anterior to posterior. 
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Figure C Gluteal injeetion site 
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(b) Lateral view 
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Figure 7.30 Coxal Bone ap ir 

( a ) Right coxal bone of a young adoleseent.The ilium, ischium, and pubis (in bold) form the ineompletely ossified coxal bone.They are joined near the eenter of the 
acetabulum by eartilage. (b) Right coxal bone of an adult, lateral view. (e) Right coxal bone of an adult, medial view. The ilium ( green ), ischium igold), and pubis (j purple ) 
fuse together to form a single bone. 


Inferior to the anterior superior iliae spine is the anterior infe- 
rior iliae spine (see figure 7.30). The anterior iliae spines are attaeh- 
ment sites for anterior thigh muscles. Inferior to the superior 
posterior iliae spine are the posterior inferior iliae spine, isehial 
spine, and isehial tuberosity. The posterior iliae spines and isehial 
tuberosity are attaehment sites for ligaments anehoring the coxal 
bone to the saemrn. The auricular surface of the ilium (see figure 
7.30c) joins the auricular surface of the saernm (see figure 7.18) to 
form the saeroiliae joint. The isehial tuberosity is also an attaehment 
site for posterior thigh muscles, and it is the part of the coxal bone 
on which a person sits. 


The greater seiatie noteh is superior to the isehial spine and the 
lesser seiatie noteh is inferior to it (see figure 7.30). Nerves and 
blood vessels pass through the seiatie notehes. 

The pelvis is divided into the false pelvis and the true pelvis by 
an imaginary plane passing from the saeral promontory to the pubic 
erest. The pelvie brim is the bony boundary of this plane (figure 
7.32). The false pelvis, which is the expanded part of the pelvis supe- 
rior to the pelvie brim, is also the inferior part of the abdominal 
eavity (see figure 1.13). The true pelvis is inferior to the pelvie brim 
and is eompletely surrounded by bone. The pelvie inlet is the supe- 
rior opening of the tme pelvis formed by the pelvie brim. The pelvie 
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Figure 7.31 Surface Anatomy Showing an Anterolateral 

View of the Coxal Bone and Femur 


outlet is the inferior opening of the true pelvis bordered by the infe- 
rior margin of the pubis, the isehial spines, the isehial tuberosities, 
and the coccyx. In life, muscles of the pelvie diaphragm span the 
pelvie outlet (see ehapter 9). The pelvie eavity is the spaee between 
the pelvie inlet and the pelvie diaphragm. 

eomparison of the Male and Female Pelvis 

The male pelvis usually is more massive than the female pelvis as a 
result of the greater weight and size of the male, but the female pelvis 
is broader and has a larger, more rounded pelvie inlet and outlet (see 
figure 7.32), eonsistent with the need to allow a fetus to pass through 
these openings in the female pelvis during delivery. If the pelvie outlet 
is too small for normal delivery, it ean be aeeomplished by eesarean 
seetion, which is the surgical removal of the fetus through the abdom- 
inal wall. Table 7.6 lists additional differenees between the male and 
female pelvis. 

38 Define the pelvie girdle. What bones fuse to form eaeh coxal bone? 
Where and with what bones does eaeh coxal bone articulate? 

39 Name the important sites of muscle and ligament attaehment on the 
pelvis. 

40 Distinguish between the true pelvis and the false pelvis. 

41 Deseribe the differenees between a male and a female pelvis. 

Lower Limb 

The lower limb eonsists of the bones of the thigh, leg, ankle, and foot 
(see figure 7.28). 

Thigh 

The thigh is the region between the hip and the knee. The thigh, like 
the arm, eontains a single bone, ealled the femur (figure 7.33). The 
head of the femur articulates with the acetabulum of the coxal bone, 
and the neek of the femur eonneets the head to the body (shaft) of 
the femur. The greater troehanter (trò-kan'ter, rnnner) and the 
lesser troehanter are attaehment sites for muscles that fasten the hip 
to the thigh. The greater troehanter and its attaehed muscles form a 
bulge that ean be seen as the widest part of the hips (see figure 7.31). 
The peetineal line, gluteal tuberosity, and the linea aspera are 
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(b) Anterosuperior view 

Figlire 7.32 eomparison of the Male and Female Pelvls 

( a ) Male.The pelvie inlet ( reddashedline ) and outlet (blue dashedline ) are small, 
and the subpubic angle is less than 90 degrees. (ò) Female.The pelvie inlet (red 
dashedline ) and outlet (blue dashedline ) are larger, and the subpubic angle is 
90 degrees or greater. 


Table 7.6 


Differenees Between the Male and 
Female Pelvis (See Figure 7.32) 




Area 

Deseription 

General 

ln females, somewhat lighter in weight and wider 
laterally but shorter superiorly to inferiorly and 
less funnel-shaped; less obvious muscle 
attaehment points in females than in males 

Sacrum 

Broader in females, with the inferior part direeted 
more posteriorly; the saeral promontory does 
not projeet as far anteriorly in females 

Pelvie inlet 

Heart-shaped in males; oval in females 

Pelvie outlet 

Broader and more shallow in females 

Subpubic angle 

Less than 90 degrees in males; 

90 degrees or more in females 

llium 

More shallow and flared laterally in females 

isehial spines 

Farther apart in females 

isehial tuberosities 

Turned laterally in females and medially in males 

L. . 



























Anatomy of Bones and Joints 


175 



Head- 

Greater troehanter - 
Neek- 

intertroehanterie line 


Lateral epieondyle 


Patellar groove 



Head 

Greater troehanter 
Neek 

intertroehanterie erest 


Peetineal line 
Gluteal tuberosity 


Linea aspera 


Lateral epieondyle 
intereondylar fossa 
Lateral eondyle 


(a) Anterior view (b) Posterior view 


Figure 7.33 Right Femur 


other muscle attaehment sites. The distal end of the femur has 
medial and lateral eondyles that articulate with the tibia (leg bone). 
Loeated proximally to the eondyles are the medial and lateral epi- 
eondyles, important sites of ligament attaehment. The epieondyles 
ean be felt just proximal to the knee joint (figure 7.34). An adductor 
tubercle, to which muscles attaeh, is loeated just proximal to the 
medial epieondyle. 


CASE STIIDY 


Fracture of the Femoral Neek 


An 85-year-old woman who lived alone was found lying on her 
kitehen floor by her daughter, who had eome to eheek on her 
mother. The woman could not rise, even with help, and when she 
tried she experienced extreme pain in her right hip. Her daughter 
immediately dialed 911, and paramedies took her mother to 
the hospital. 

The elderly woman's hip was x-rayed in the emergeney room, 
and it was determined that she had a fracture of the right femoral 
neek. A femoral neek fracture is eommonly, but ineorreetly, ealled a 
broken hip.Two days later, she reeeived a partial hip replaeement in 


which the head and neek of the femur, but not the acetabulum, were 
replaeed. In falls involving femoral neckfracture, it is not always elear 
whether the fall caused the femoral neek to fracture or whether a 
fracture of the femoral neek caused the fall. Femoral neek fractures 
are among the most eommon injuries resulting in morbidity (dis- 
ease) and mortality (death) in older adults. Four pereent of women 
over age 85 experience femoral neek fractures eaeh year. Only about 
25% of vietims fully reeover from the injury. Despite treatment with 
anticoagulants and antibioties, about 5% of patients with femoral 
neckfractures develop deep vein thrombosis (blood elot) and about 
5% develop wound infeetions, either of which ean be life-threatening. 
Hospital mortality is 1%-7% among patients with femoral neekfrae- 
tures, and nearly 20% of femoral neek fracture vietims die within 
3 months of the fracture. 



v 


Prediet 


The risk of fracture of the femoral neek inereases dramatieally with age, 
and 81 % of vietims are women.The average age of those who suffer such 
an injury is 82. Why is the femoral neek so eommonly injured? ( Hint: 
ure 7.1.) Why are elderly women most eommonly affeeted? 
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Figlire 7.35 Right Patella 


The patella (figure 7.35), or kneeeap, articulates with the patel- 
lar groove of the femur (see figure 7.33). It is a large sesamoid bone 
loeated within the tendon of the quadriceps femoris muscle group, 
which is the major muscle group of the anterior thigh. The patella 
holds the tendon away from the distal end of the femur and therefore 
ehanges the angle of the tendon between the quadriceps femoris 
muscle and the tibia, where the tendon attaehes. This ehange in angle 
inereases the foree that ean be applied from the muscle to the tibia. 
As a result of this inerease in applied foree, less muscle eontraetion 
foree is required to move the tibia. 
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Figlire 7.36 Right Tibia and Fibula 


Leg 

The leg is the part of the lower limb between the knee and the ankle. 
Like the forearm, it eonsists of two bones: the larger tibia (tib'é-à), or 
shinbone, and the smaller fìbiila (fib'u-là, resembling a elasp or buckle) 
(figure 7.36). The rounded eondyles of the femur rest on the flat medial 
and lateral eondyles on the proximal end of the tibia. Body weight is 
transmitted from the femur through the tibia to the ankle. 


The intereondylar eminenee is a ridge between the eondyles. A 
tibial tuberosity, which is the attaehment point for the quadriceps 
femoris muscle group, ean easily be seen and felt just inferior to the 
patella (see figure 7.35). The anterior erest forms a sharp edge on the 
shin. The distal end of the tibia is enlarged to form the medial mal- 
leolus (ma-lé'ò-liàs, mallet-shaped), which helps form the medial 
side of the ankle joint. 
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The fibula does not articulate with the femur but has a small proxi- 
mal head where it articulates with the tibia. The distal end of the fibula 
is also slightly enlarged as the lateral malleoliis to ereate the lateral wall 
of the ankle joint. The lateral and medial malleoli ean be felt and seen as 
prominent lumps on both sides of the ankle (see figure 7.35). 


FOOt 

The proximal portion of the foot eonsists of seven tarsal (tar'sàl, the 
sole of the foot) bones (figure 7.37). The tarsal bones are the talus 
(tà'ltis, ankle bone), calcaneus (kal-kà'né-iàs, heel), cuboid (kià'boyd, 
cube-shaped), and navicular (nà-vik'yu-làr, boat-shaped) bones and 
the medial, intermediate, and lateral cuneiforms (ku'né-i-fòrmz, 
wedge-shaped). A mnemonie for the distal row of bones is MILC— 
that is, Medial, Intermediate, and Lateral cuneiforms and the Cuboid. 
The mnemonie for the proximal three bones is No Tbanks Cow— 
that is, Navicular, Talus, and Calcaneus. 

The talus articulates with the tibia and fibula to form the ankle 
joint. It is an unusual bone in that no muscles attaeh to it. The calcaneus 
forms the heel and is the attaehment point for the large ealf muscles. 



i 


Fractures of the Malleoli 

Turning the plantar surface of the foot outward so that it faees later- 
ally is ealled eversion. Forceful eversion of the foot, such as when a 
person slips and twists the ankle or jumps and lands ineorreetly on the 
foot, may cause the distal ends of the tibia and/or fìbula to fracture 
(fìgure Da). When the foot is forcefully everted, the medial malleolus 
moves inferiorly toward the ground or floor and the talus slides later- 
ally, foreing the medial and lateral malleoli to separate. The ligament 
holding the medial malleolus to the tarsal bones is stronger than the 
bones it eonneets, and often it does not tear as the malleoli separate. 
Instead, the medial malleolus breaks. Also, as the talus slides laterally, 
the foree ean shear off the lateral malleolus or, more eommonly, ean 
cause the fìbula to break superior to the lateral malleolus. This type of 
injury to the tibia and fìbula is often ealled a Pott fracture. 

Turning the plantar surface of the foot inward so that it faees 
medially is ealled inversion. Forceful inversion of the foot ean frae- 
ture the fìbula just proximal to the lateral malleolus (fìgure Dò). More 
often, because the ligament holding the medial malleolus to the 
tarsal bones is weaker than the bones it eonneets, the inversion of 
the foot causes a sprain in which ligaments are damaged. 

Posterior 

view 


Medial 

malleolus 




Lateral 

malleolus 


(a) Eversion fracture 


(b) Inversion fracture 


Figure D Fracture of the Medial or Lateral Malleolus 


Tbe metatarsal bones and phalanges of the foot are arranged in 
a manner very similar to that of the metaearpal bones and phalanges 
of the hand, with the great toe analogous to the thumb (see figure 
7.37). Small sesamoid bones often form in the tendons of muscles 
attaehed to the great toe. The ball of the foot is mainly formed by the 
distal heads of the metatarsal bones. 

The foot bones form three major arehes, which distribute the 
weight of the body between the heel and the ball of the foot during 
standing and walking (see figure 7 37b). As the foot is plaeed on the 
ground, weight is transferred from the tibia and the fibula to the 
talus. From there, the weight is distributed first to the heel (ealea- 
neus) and then through the areh system along the lateral side of the 
foot to the ball of the foot (heads of the metatarsal bones). This effeet 
ean be observed when a person with wet, bare feet walks aeross a dry 
surface; the print of the heel, the lateral border of the foot, and the 
ball of the foot ean be seen, but the middle of the plantar surface and 
the medial border leave no impression. The medial side leaves no 
mark because the arehes on this side of the foot are higher than those 
on the lateral side. The shape of the arehes is maintained by the eon- 
figuration of the bones, the ligaments eonneeting them, and the 
muscles aeting on the foot. 

42 Name the bones of the thigh and leg. 

43 Give the points of articulation among the pelvie girdle, femur, leg, 
and ankle. 

44 What is the function of the greater troehanter and the lesser 
trochanter?The medial and lateral epieondyles? 

45 Deseribe the function of the patella. 

46 What is the function of the tibial tuberosity? 

47 Name the seven tarsal bones. Which bones form the ankle joint? 

What bone forms the heel? 

48 What bones form the ball of the foot? How many phalanges are in 
eaeh toe? 

49 List the three arehes of the foot and deseribe their function. 


7.4 Joints 

A joint, or articulation, is a plaee where two or more bones eome 
together. We usually think of joints as being movable, but that is not 
ahvays the ease. Many joints allow only limited movement, and oth- 
ers allow no apparent movement. The structure of a given joint is 
direetly eorrelated with its degree of movement. Fibrous joints have 
much less movement than joints eontaining fluid and having smooth 
articulating surfaces. 

Joints are eommonly named aeeording to the bones or portions 
of bones that are united at the joint, such as the temporomandibular 
joint between the temporal bone and the mandible. Some joints are 
simply given the Greek or Latin equivalent of the eommon name, 
such as the cubital (ku'bi-tàl, cubit, elbow or forearm) joint for the 
elbow joint. 

The three major kinds of joints are elassified structurally as 
fibrous, cartilaginous, and synovial. In this elassifieation seheme, 
joints are eategorized aeeording to the major eonneetive tissue type 
that binds the bones together and whether or not a fluid-filled joint 
capsule is present. 

50 What eriteria are used to name joints and elassify? 
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(b) Medial inferior view 


Figure 7.37 Bones of the Right Foot apìR, 

The medial longitudinal areh is formed by the calcaneus, the talus, the navicular, the cuneiforms, and three medial metatarsal bones.The lateral longitudinal areh is 
formed by the calcaneus, the cuboid, and two lateral metatarsal bones.The transverse areh is formed by the cuboid and cuneiforms. 


Prediet 



What is the name of the joint between the metaearpal bones and the phalanges? 


Fibrous Joints 

Fibrous joints eonsist of two bones that are united by fibrous eon- 
neetive tissue, have no joint eavity, and exhibit little or no move- 


ment. Joints in this group are elassified further as sutures, 
syndesmoses, or gomphoses (table 7.7), based on their structure. 

Sutures 

Sutures (soo'ehoorz) are fibrous joints between the bones of the skull 
(see figure 7.2). The type of eonneetive tissue in fibrous joints is dense 
regular collagenous eonneetive tissue. The bones in a suture often have 
interloeking, fingerlike proeesses that add stability to the joint. 
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Table 7.7 


Fibrous and Cartilaginous Joints 


Class and Example of Joint 

Bones or Structures Joined 

Movement 

Fibrous Joints 



Sutures 



Coronal 

Frontal and parietal 

None 

Lambdoid 

Oeeipital and parietal 

None 

Sagittal 

Thetwo parietal bones 

None 

Squamous 

Parietal and temporal 

Slight 

Syndesmoses 



Radioulnar 

Ulna and radius 

Slight 

Stylohyoid 

Styloid proeess and hyoid bone 

Slight 

Stylomandibular 

Styloid proeess and mandible 

Slight 

Tibiofibular 

Tibia and fibula 

Slight 

Gomphoses 



Dentoalveolar 

Tooth and alveolar proeess 

Slight 

Cartilaginous Joints 



Synehondroses 



Epiphyseal plate 

Diaphysis and epiphysis of a long bone 

None 

Sternoeostal 

Anterior cartilaginous part of first rib; between rib and sternum 

Slight 

Sphenooeeipital 

Sphenoid and oeeipital 

None 

Symphyses 



Intervertebral 

Bodies of adjaeent vertebrae 

Slight 

Manubriosternal 

Manubrium and body of sternum 

None 

Symphysis pubis 

The two coxal bones 

None except during ehildbirth 

Xiphisternal 

Xiphoid proeess and body of sternum 

None 





In a newborn, intramembranous ossifieation of the skull bones 
along their margins is ineomplete. A large area of unossified mem- 
brane between some bones is ealled a fontanel (fon'tà-ner, little 
fountain, so named because the membrane ean be seen to move with 
the pulse), or soft spot (figure 7.38). The unossified membrane 
makes the skull flexible during the birth proeess and allows for 
growth of the head after birth. The fontanels have usually ossified by 
2 years of age. 

The margins of bones within sutures are sites of continuous 
intramembranous bone growth, and many sutures eventually beeome 
ossified. For example, ossifieation of the suture between the two 
frontal bones occurs shortly after birth so that they usually form a 
single frontal bone in the adult skull. In most normal adults, the 
eoronal, sagittal, and lambdoid sutures are not fused. In some very 
old adults, however, even these sutures beeome ossified. A synostosis 
(sin-os-tò'sis, joined by bone) results when two bones grow together 
aeross a joint to form a single bone. 


Prediet 




Prediet the result of a sutural synostosis that occurs prematurely in a ehild's 
skull before the brain has reaehed its full size. 


Syndesmoses 

A syndesmosis (sin'dez-mò'sis, to fasten or bind) is a fibrous joint 
in which the bones are farther apart than in a suture and are joined 


by ligaments. Some movement may occur at syndesmoses because 
of flexibility of the ligaments, such as in the radioulnar syndesmo- 
sis, which binds the radius and ulna together (figure 7.39). 

Gomphoses 

Gomphoses (gom-fò'séz) eonsist of pegs held in plaee within soek- 
ets by fibrous tissue. The joints between the teeth and the soekets 
(alveoli) of the mandible and maxillae are gomphoses (figure 7.40). 
The eonneetive tissue bundles between the teeth and their soekets 
are ealled periodontal (per'é-ò-don'tàl) ligaments. 

#• 

Gingivitis and Periodontal Disease 

The gingiva, or gums, are the soft tissues eovering the alveolar 
proeesses. Negleet of the teeth ean result in gingivitis, an inflamma- 
tion of the gingiva, often resulting from baeterial infeetion. Left 
untreated, gingivitis ean spread to the tooth soeket, resulting in 
periodontal disease, the leading cause of tooth loss in the llnited 
States. Periodontal disease involves an accumulation of plaque and 
baeteria, resulting in inflammation and the gradual destruction of 
the periodontal ligaments and the bone. Eventually, the teeth may 
beeome so loose that they eome out of their soekets. Proper brush- 
ing, flossing, and professional eleaning to remove plaque ean usually 
prevent gingivitis and periodontal disease. 
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Figlire 7.39 Right Radioulnar Syndesmosis 
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Figlire 7.38 Fetal Skull Showing Fontanels and Sutures 


51 Define fibrousjoint, deseribe three types, and give an example 
ofeaeh. 

52 What is a synostosis? 

Cartilaginous Joints 

Cartilaginous joints unite two bones by means of either hyaline 
eartilage or fibroeartilage (see table 7.7). 

Synehondroses 

A synehondrosis (sin'kon-drò'sis, joined by eartilage) eonsists of 
two bones joined by hyaline eartilage where little or no movement 
occurs. The joints between the ilium, ischium, and pubis before those 


Figlire 7.40 Gomphosis Between a Tooth and Alveolar 

Bone of the Mandible 

bones fuse together are examples of synehondroses (see figure 7.30a). 
The epiphyseal plates of growing bones are synehondroses (see fig- 
ure 6.5). Most synehondroses are temporary, with bone eventually 
replaeing them to form synostoses. On the other hand, some syn- 
ehondroses persist throughout life. An example is the sternoeostal 
synehondrosis between the first rib and the sternum by way of the first 
eostal eartilage (see figure 7.19). The remaining eostal eartilages attaeh 
to the sternum by synovial joints (see “Synovial Joints,” p. 181). 

Symphyses 

A symphysis (sim'fi-sis, a growing together) eonsists of fibroeartilage 
uniting two bones. Symphyses include the junction between the 
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manubrium and the body of the sternum (see figure 7.19), the symphy- 
sis pubis (see figure 7.29), and the intervertebral disks (see figure 7.16). 
Some of these joints are slightly movable because of the somewhat flex- 
ible nature of fibroeartilage. 

53 Define cartilaginousjoints, deseribe two types, and give an example 
ofeaeh. 


Synovial Joints 

Synovial (si-nò'vé-àl, joined by a fluid resembling egg albumin) joints 
are freely movable joints that eontain synovial fluid in a eavity sur- 
rounding the ends of articulating bones. Most joints that unite the 
bones of the appendicular skeleton are large synovial joints, whereas 
many of the joints that unite the bones of the axial skeleton are not. 
This pattern refleets the greater mobility of the appendicular skeleton, 
eompared with the axial skeleton. 

The articular surfaces of bones within synovial joints are eovered 
with a thin layer of hyaline eartilage ealled articular eartilage, which 
provides a smooth surface where the bones meet (figure 7.41). In 
some synovial joints, a flat plate or pad of fibroeartilage, ealled an 
articular disk, is loeated between the articular eartilages of bones. 
Articular disks absorb and distribute the forees between the articular 
eartilages as the bones move. Examples of joints with articular disks 
are the temporomandibular, sternoclavicular, and acromioclavicular 
joints. A meniscus (mé-nis'kus, ereseent-shaped) is an ineomplete, 
ereseent-shaped fibroeartilage pad found in joints such as the knee 
and wrist. A meniscus is much like an articular disk with a hole in 
the eenter. 
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Figlire 7.41 Structure of a Synovial Joint ap r 


A joint capsule (see figure 7.41) surrounds the ends of the 
bones forming synovial joints, forming a joint eavity. The capsule 
helps hold the bones together while allowing for movement. The joint 
capsule eonsists of two layers: an outer fìbrous capsule and an inner 
synovial membrane (see figure 7.41). The fibrous capsule eonsists of 
dense irregular eonneetive tissue and is continuous with the fibrous 
layer of the periosteum that eovers the bones united at the joint. 
Portions of the fibrous capsule may thieken and the eollagen fibers 
beeome regularly arranged to form ligaments. In addition, ligaments 
and tendons may be present outside the fibrous capsule, thereby 
contributing to the strength and stability of the joint while limiting 
movement in some direetions. 

The synovial membrane lines the joint eavity, except over the 
articular eartilage and articular disks. It is a thin, delieate mem- 
brane eonsisting of modified eonneetive tissue eells. The membrane 
produces synovial fluid, which eonsists of a serum (blood fluid) 
filtrate and seeretions from the synovial eells. Synovial fluid eoats 
and lubricates articular eartilage, preventing frietion damage dur- 
ing movement. It is a complex mixture, eontaining hyaluronic aeid 
(a polysaeeharide), lubricin (a proteoglyean), and surface-active 

P h os pholipid (SAPL). 


Prediet 



What would happen if a synovial membrane eovered the articular eartilage? 


In eertain synovial joints, such as the shoulder and knee, the syno- 
vial membrane extends as a poeket, or sae, ealled a bursa (ber'sà, 
poeket) for a distanee away from the rest of the joint eavity (see 
figure 7.41). Bursae eontain synovial fluid, providing a cushion 
between structures that otherwise would rub against eaeh other, such 
as tendons rnbbing on bones or other tendons. Some bursae, such as 
the subcutaneous oleeranon bursae, are not assoeiated with joints but 
provide a cushion between the skin and underlying bony promi- 
nenees, where frietion could damage the tissues. Other bursae extend 
along tendons for some distanee, forming tendon sheaths. Bursitis 
(ber-si'tis) is the inflammation of a bursa; it may cause eonsiderable 
pain around the joint and restriet movement. 

54 Deseribethe structure of a synovial joint. How do the different parts 
of the joint permit joint movement? What are articular disks and 
menisei? 

55 Define bursa and tendon sheath. What is their function? 


Types of Synovíal Joints 

Synovial joints are elassified aeeording to the shapes of the adjoin- 
ing articular surfaces. The six types of synovial joints are plane, 
saddle, hinge, pivot, ball-and-soeket, and ellipsoid (table 7.8). 
Movements at synovial joints are deseribed as uniaxial (occurring 
around one axis), biaxial (occurring around two axes situated at 
right angles to eaeh other), or multiaxial (occurring around sev- 
eral axes). 

Plane joints, or gliding joints, eonsist of two opposed flat 
surfaces of about equal size in which a slight amount of gliding 
motion ean occur between the bones. These joints are eonsidered 
uniaxial because some rotation is also possible but is limited by 
























Types of synovial Jo nts 


Table 7.8 



Plane 



Ball-and-soeket 



Saddle 


i 


j 





Class and Example 
of Joint 

Plane 

Structures Joined 

Movement 

Acromioclavicular 

Aeromion of scapula 
and elaviele 

Slight 

Carpometacarpal 

Carpal bones and metaearpal 

Multiple axes as 


bones two through five 

a group 

Costovertebral 

Ribs and vertebrae 

Slight 

interearpal 

Between earpal bones 

Slight 

Intermetatarsal 

Between metatarsal bones 

Slight 

Intertarsal 

Between tarsal bones 

Slight 

Intervertebral 

Between articular proeesses of 
adjaeent vertebrae 

Slight 

Saeroiliae 

Saemrn and coxa (complex joint 
with several planes and 
synehondroses) 

Slight 

Tarsometatarsal 

Tarsal bones and metatarsals 
bones 

Slight 



Pivot 

Medial atlantoaxial Atlas and axis 

Proximal radioulnar Radius and ulna 

Distal radioulnar Radius and ulna 


Rotation 

Rotation 

Rotation 


Hinge 

Cubital (elbow) 
Genu (knee) 
Interphalangeal 
Talocrural (ankle) 


Humerus, ulna, and radius 
Femur and tibia 
Between phalanges 
Talus, tibia, and fibula 


One axis 
One axis 
One axis 
Multiple axes, 
one predominates 



Ball-and-Soeket 

Humeral (shoulder) Scapula and humerus 
Coxal (hip) Coxal bone and femur 


Multiple axes 
Multiple axes 




Ellipsoid 



Atlantooeeipital 

Atlas and oeeipital bone 

Two axes 

Metaearpopha- 

Metaearpal bones and 

Two axes 

langeal (knuckles) 

phalanges 


Metatarsopha- 

Metatarsal bones and 

Two axes 

langeal (ball of foot) 

phalanges 


Radioearpal (wrist) 

Radius and earpal bones 

Multiple axes 

Temporomandibular 

Mandible and temporal bone 

Multiple axes, 
one predominates 


Saddle 

Carpometacarpal 

Carpal and metaearpal 

Two axes 

pollieis 

bones of thumb 


interearpal 

Between earpal bones 

Slight 

Sternoclavicular 

Manubrium of sternum 

Slight 


and elaviele 
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ligaments and adjaeent bone. Examples are the articular proeesses 
between vertebrae. 

Pivot joints eonsist of a relatively eylindrieal bony proeess that 
rotates within a ring eomposed partly of bone and partly of ligament. 
They are uniaxial joints that restriet movement to rotation around a 
single axis. The articulation between the head of the radius and the 
proximal end of the ulna is an example (see figures 7.26^ and 7.39). 
The articulation between the dens and the atlas is another example 
(see figure 7 XI a and b). 

Hinge joints eonsist of a convex eylinder in one bone applied 
to a eorresponding eoneavity in the other bone. They are uniaxial 
joints. Examples include the elbow and knee joints. 

Ball-and-soeket joints eonsist of a projeetion rounded like a base- 
ball that fits into a eoneave surface or soeket. This type of joint is multi- 
axial, allowing a wide range of movement in almost any direetion. 
Examples are the shoulder and hip joints. 

Ellipsoid joints are modified ball-and-soeket joints in which 
the projeetion is shaped like a football. Ellipsoid joints are biaxial, 
because the shape of the joint limits its range of movement almost to a 
hinge motion in two axes and restriets rotation. An example is the atlan- 
tooeeipital joint between the atlas and the oeeipital eondyles, which 
allows a £ yes” movement and a tilting, side-to-side movement of the head. 

Saddle joints eonsist of two saddle-shaped articulating surfaces 
oriented at right angles to eaeh other so that eomplementary surfaces 
articulate with eaeh other. Saddle joints are biaxial joints. The earpo- 
metaearpal joint between the earpal (trapezium) and metaearpal of 
the thumb is a saddle joint. 

56 On what basis are synovial joints elassified? Deseribe the types of 
synovial joints, and give examples of eaeh. What movements does 
eaeh type of joint allow? 

7.5 Types of Movement 

The types of movement occurring at a given joint are related to the 
structure of that joint. Some joints are limited to only one type of 
movement, whereas others permit movement in several direetions. 
All the movements are deseribed relative to the anatomieal position. 
Because most movements are aeeompanied by movements in the 
opposite direetion, they are listed in pairs. 

Gliding Movements 

Gliding movements are the simplest of all the types of movement. 
These movements occur in plane joints between two flat or nearly flat 
surfaces where the surfaces slide or glide over eaeh other. These joints 
often give only slight movement, such as between earpal bones. 

Angular Movements 

Angular movements are those in which one part of a linear structure, 
such as the body as a whole or a limb, is bent relative to another part of 
the structure, thereby ehanging the angle between the two parts. 
Angular movements also involve the movement of a solid rod, such as 
a limb, that is attaehed at one end to the body so that the angle at which 
it meets the body ehanges. The most eommon angular movements are 
flexion and extension and abduction and adduction. 


Flexion and Extension 

Flexion and extension ean be defined in a number of ways, but in 
eaeh ease exceptions to the definition exist. The literal definition 
for flexion is to bend; for extension, to straighten. This bending 
and straightening ean easily be seen in the elbow (figure 7Á2a). 
Flexion and extension ean also be defined in relation to the 
eoronal plane. Starting from the anatomieal position, flexion is 
the movement of a body part anterior to the eoronal plane, or 
in the anterior direetion. Extension is the movement of a body 
part posterior to the eoronal plane, or in the posterior direetion 
(figure 7Á2b—d). 

The exceptions to defining flexion and extension aeeording to 
the eoronal plane are the knee and foot. At the knee, flexion 
moves the leg in a posterior direetion and extension moves it in 
an anterior direetion (figure 7 A2é). Movement of the foot toward 
the plantar surface, such as when standing on the toes, is eom- 
monly ealled plantar flexion; movement of the foot toward the 
shin, such as when walking on the heels, is ealled dorsiflexion 

(figure 7.42/). 

Hyperextension ean be defined as an abnormal, foreed exten- 
sion of a limb or part beyond its normal range of motion. For 
example, when a ear is rear-ended, passengers in the ear may experi- 
enee whiplash, resulting in hyperextension of the head and neek. 
Some health professionals, however, define hyperextension as the 
normal movement of structures, except the leg, into the spaee poste- 
rior to the anatomieal position. 

Abdiietion and Adduction 

Abduction (to take away) is movement away from the median 
plane (midline of the body); adduction (to bring together) is 
movement toward the median plane. Moving the upper limbs 
away from the body, such as in the outward portion of doing 
jumping jaeks, is abduction of the arm, and bringing the upper 
limbs baek toward the body is adduction of the arm (figure 7.43/. 
Abduction of the fingers involves spreading the fingers apart, away 
from the midline of the hand, and adduction is bringing them 
baek together (figure 7.43/. Abduction of the thumb moves it 
anteriorly, away from the palm. Abduction of the wrist is move- 
ment of the hand away from the midline of the body, and adduc- 
tion of the wrist results in movement of the hand toward the 
midline of the body. Abduction of the neek tilts the head to one 
side and is eommonly ealled lateral flexion of the neek. Bending at 
the waist to one side is usually ealled lateral flexion of the verte- 
bral column, rather than abduction. 

57 Define flexion and extension and demonstrate flexion and extension 
of the limbs and trunk. What is hyperextension? 

58 Define plontarfiexion and dorsifiexion. 

59 Contrast abduction and adduction. Deseribe these movements for 
the arm, fingers, wrist, neek, and vertebral column. For what part of 
the body is the term lateral flexion used? 

Circular Movements 

Circular movements involve the rotation of a structure around an 
axis or movement of the structure in an are. 
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Flexion 




(a) 



Flexion Extension 

(b) 


Flexion Extension 



(e) 


Flexion 


Extension 






Flexion 


(e) 



Plantar flexion 


Dorsiflexion 



Figlire 7.42 Flexion and Extension 

Flexion and extension of (a) the elbow, (b) the shoulder, (e) the hip, (d) the neek, and ( e ) the knee. ( f) Dorsiflexion and plantar flexion of the foot. 


Rotation 

Rotation is the turning of a structure around its long axis, such as the 
movement of the atlas around the axis when shaking the head “no.” 
Medial rotation of the humerus with the forearm flexed brings the 
hand toward the body. Rotation of the humerus so that the hand 
moves away from the body is lateral rotation (figure 7.44). 

Pronation and Supination 

Pronation (prò-nà'shun) and supination (soo'pi-nà'shun) refer to 
the unique rotation of the forearm (figure 7.45). The word prone 
means lying facedown; the word supine means lying faceup. When 
the elbow is flexed to 90 degrees, pronation is rotation of the forearm 
so that the palm of the hand faees inferiorly. Supination is rotation 


of the forearm so that the palm faees superiorly. In pronation, the 
radius and ulna eross; in supination, they are in a parallel position. 
The head of the radius rotates against the radial noteh of the ulna 
during supination and pronation (see figure 7.26a). 

Circumduction 

Circumduction is a eombination of flexion, extension, abduction, 
and adduction (figure 7.46). It occurs at freely movable joints, such 
as the shoulder. In circumduction, the arm moves so that it deseribes 
a eone with the shoulder joint at the apex. 

60 Distinguish among rotation, circumduction, pronation, and 
supination. Give an example of eaeh. 
























Anatomy of Bones and Joints 


185 


Abdiietion 



Figlire 7.43 Abduction and Adduction 

Abduction and adduction of ( a ) the arm and (b) the fingers. 



Figlire 7.46 Circumduction 


Medial rotation Lateral rotation 



Figlire 7.44 Medial and Lateral Rotation of the Arm 


Pronation 



Supination 


Figlire 7.45 Pronation and Supination of the Forearm 


Speeial Movements 

Speeial movements are those movements unique to only one or two 
joints; they do not fit neatly into one of the other eategories. 

Elevation and Depression 

Elevation moves a structure superiorly; depression moves it inferi- 
orly. The scapulae and mandible are primary examples. Shmgging 
the shoulders is an example of scapular elevation. Depression of the 
mandible opens the mouth, and elevation eloses it. 

Protraetion and Retraetion 

Protraetion eonsists of moving a structure in a gliding motion in 
an anterior direetion. Retraetion moves the structure baek to the 
anatomieal position or even more posteriorly. As with elevation and 
depression, the mandible and scapulae are primary examples. 
Pulling the scapulae baek toward the vertebral column is retraetion. 

Excursion 

Lateral excursion is moving the mandible to either the right or left 
of the midline, such as in grinding the teeth or chewing. Medial 
excursion rernrns the mandible to the neutral position. 

Opposition and Reposition 

Opposition is a unique movement of the thumb and little finger. It 
occurs when these two digits are brought toward eaeh other aeross 
the palm of the hand. The thumb ean also oppose the other digits, 
but those digits fiex to touch the tip of the opposing thumb. 
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Lateral 



Eversion 


Medial 


' \ ^ 


Inversion 


Figlire 7.47 Inversion and Eversion of the Right Foot 


mandibular fossa of the temporal bone (figure 7Á8a). A fibroeartilage 
articular disk is loeated between the mandible and the temporal bone, 
dividing the joint into superior and inferior joint eavities. The joint is 
surrounded by a fibrous capsule, to which the articular disk is attaehed 
at its margin, and it is strengthened by lateral and aeeessory ligaments. 

The temporomandibular joint is a modified ellipsoid joint. As 
mandibular depression begins, the mandibular eondyle and articular 
disk move anteriorly in a gliding motion. As mandibular depression 
continues, a hinge motion occurs between the mandibular eondyle 
and articular disk. The mandibular eondyle also allows protraetion, 
retraetion, and excursion of the mandible. The movements of the 
mandibular eondyle ean easily be felt by plaeing your fingers over it 
while the mandible is moved. 


Reposition is the movement returning the thumb and little finger to 
the neutral, anatomieal position. 

Inversion and Eversion 

Inversion of the foot eonsists of rnrning the ankle so that the plantar 
surface of the foot faees medially, toward the opposite foot. Eversion 
of the foot is turning the ankle so that the plantar surface faees later- 
ally (figure 7.47). Inversion of the foot is sometimes ealled supina- 
tion, and eversion is ealled pronation. 

i --- V 

61 Define the following jaw movements: protraetion, retraetion, lateral 
excursion, medial excursion, elevation, and depression. 

62 Define opposition and reposition. Define inversion and eversion of 
the foot. 

V J 

eombinatíon Movements 

Most movements that occur in the course of normal aetivities are eom- 
binations of the movements named previously and are deseribed by 
naming the individual movements involved in the eombined movement. 
For example, when a person steps forward at a 45-degree angle to the 
side, the movement at the hip is a eombination of flexion and abduction. 

4 - V 

63 What are eombination movements? 


Prediet 



What eombination of movements is required at the shoulder and elbow joints 
for a person to move the right upper limb from the anatomieal position to 
touch the right side of the head with the fingertips? 


7.6 Deseription of Seleeted 

Joints 

It is impossible in a limited spaee to deseribe all the joints of the 
body; therefore, only seleeted joints are deseribed in this ehapter, and 
they have been ehosen because of their representative structure, 
important fimetion, or elinieal signifieanee. 

Temporomandibiilar Joint 

The mandible articulates with the temporal bone to form the tem- 
poromandibiilar joint (TMJ). The mandibular eondyle fits into the 



Temporomandibular Disorder 

Temporomandibular disorder (TMD) is the seeond most eom- 
mon cause of orofaeial pain, after toothaehe. TMD is broadly subdi- 
vided into muscle-relatedTMD and joint-relatedTMD. Muscle-related 
TMD is the more eommon form and is related to muscle hyperaetiv- 
ity and malalignment of the teeth. Muscle hyperaetivity results in 
grinding of the teeth during sleep and jaw elenehing during the day 
in a stressed person. Radiographs may reveal no obvious destmetive 
ehanges of the joint. 

Joint-related TMD ean be caused by disk displaeement, degen- 
eration of the joint, arthritis, infeetions, and other causes. Abnormal 
movement of the disk ean produce a eharaeteristie popping or eliek- 
ing sound. An abnormal position of the disk may make it impossible 
to open the mouth fully. 

Treatment includes teaehing the patient to reduce jaw move- 
ments that aggravate the problem and to reduce stress and anxiety. 
Physieal therapy may help relax the muscles and restore function. 
Analgesie and anti-inflammatory drugs may be used, and oral splints 
may be helpful, espeeially at night. 


Shoulder Joint 

Tbe shoulder joint, or glenohumeral joint, is a ball-and-soeket 
joint (figure 7Á8b) in which stability is reduced and mobility is 
inereased, eompared with the other ball-and-soeket joint, the hip. 
Flexion, extension, abduction, adduction, rotation, and circum- 
duction ean all occur at the shoulder joint. The rounded head of 
the humerus articulates with the shallow glenoid eavity of the 
scapula. The rim of the glenoid eavity is built up slightly by a fibro- 
eartilage ring, the glenoid labrum, to which the joint capsule is 
attaehed. A subacromial bursa is loeated near the joint eavity but 
is separated from the eavity by the joint capsule. 

The stability of the joint is maintained primarily by ligaments and 
four muscles referred to eolleetively as the rotator cufF, which help 
hold the head of the humerus in the glenoid eavity. These muscles are 
discussed in more detail in ehapter 9. The head of the humerus is also 
supported against the glenoid eavity by a tendon from the bieeps bra- 
ehii muscle. This tendon attaehes to the supraglenoid tubercle (see 
figure 7.22a), erosses over the head of the humerus within the joint 
eavity (see figure 7A8b), and passes through the intertubercular groove 
(see figure 7.24a) to join the bieeps braehii in the anterior arm. 
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(a) Sagittal seetion of temporomandibular joint 


(b) Frontal seetion of shoulder joint 
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(d) Frontal seetion of hip joint 



Figlire 7.48 Examples of Synovial joints _ap:r 

(a)Temporomandibularjoint. (ò) Shoulder joint. (e) Elbowjoint. (d) Hip joint. 
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Shoulder Disorders 

The most eommon traumatic shoulder disorders are disloeation 
and muscle or tendon tears. The shoulder is the most eommonly 
disloeated joint in the body. The major ligaments eross the superior 
part of the shoulder joint, and no major ligaments or muscles are asso- 
eiated with the inferior side. As a result, disloeation of the humerus 
is most likely to occur inferiorly into the axilla. Because the axilla 
eontains very important nerves and arteries, severe and permanent 
damage may occur when the humeral head disloeates inferiorly.The 
axillary nerve is the most eommonly damaged (see ehapter 11). 

Chronic shoulder disorders include tendonitis (inflammation 
of tendons), bursitis (inflammation of bursae), and arthritis (inflam- 
mation of joints). Bursitis of the subacromial bursa ean beeome 
very painful when the large shoulder muscle, ealled the deltoid 
muscle, eompresses the bursa during shoulder movement. 


Elbow Joint 

The elbow joint (figiire 7.48c) is a compound hinge joint eonsist- 
ing of the humeroulnar joint, between the humerus and ulna, and 
the humeroradial joint, between the humerus and radius. The 
proximal radioulnar joint, between the proximal radius and ulna, 
is also elosely related. The shape of the troehlear noteh and its asso- 
eiation with the troehlea of the humerus limit movement at the 
elbow joint to flexion and extension. The rounded radial head, 
however, rotates in the radial noteh of the ulna and against the 
capitulum of the humerus (see figure 7.26T), allowing pronation 
and supination of the forearm. 

The elbow joint is surrounded by a joint capsule and is rein- 
foreed by ligaments. A subcutaneous oleeranon bursa eovers the 
proximal and posterior surfaces of the oleeranon. 
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Damage to a eollateral ligament ean 


V. 


result from a blow to the opposite side of the 
knee. A eommon type of football injury 
results from a bloek or taekle to the lateral 
side of the knee, which ean cause the knee to 
bend inward, tearing the tibial (medial) eol- 
lateral ligament and opening the medial side 
of the joint (fìgure E). Injuries to the medial 
side of the knee are much more eommon 
than injuries to the lateral side because blows 
to the lateral side occur more frequently than 
to the medial side. In addition, the tibial 
(medial) eollateral ligament is weaker than 
the fibular (lateral) eollateral. 

The medial meniscus is fairly tightly 
attaehed to the tibial (medial) eollateral 
ligament and is damaged 20 times more 
often in a knee injury than the lateral 
meniscus, which is thinner and not 
attaehed to the fibular (lateral) eollateral 
ligament. A torn meniscus may result in a 
"elieking" sound during extension of the 
leg; if the damage is more severe, the torn 
pieee of eartilage may move between the 
articulating surfaces of the tibia and femur, 
causing the knee to "loek" in a partially 
flexed position. 

In severe medial knee injuries, the ante- 
rior cruciate ligament is also damaged (see 
figure E).Tearing of the tibial (medial) eollat- 
eral ligament, medial meniscus, and anterior 
cruciate ligament is often referred to as"the 
unhappy triad of injuries." 

If the knee is driven anteriorly or if the 
knee is hyperextended, the anterior cruciate 
ligament may be torn, which causes the 
knee joint to be very unstable. If the knee is 
flexed and the tibia is driven posteriorly, the 
posterior cruciate ligament may be torn. 
Surgical replaeement of a emeiate ligament 


Knee lnjuries and Disorders 
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Anterior view 

Figlire E lnjury to the Right Knee 


with a transplanted or an artifìeial ligament 
repairs the damage. 

Bursitis in the subcutaneous prepatellar 
bursa (see fìgure 7.49Ò), eommonly ealled 
"housemaid's knee,"may resultfrom prolonged 
work performed while on the hands and knees. 
Another bursitis, "elergyman's knee," results 
from excessive kneeling and affeets the subcu- 
taneous infrapatellar bursa.This type of bursitis 
is eommon among earpet layers and roofers. 

Other eommon knee problems are 
ehondromalaeia (kon'drò-mà-là'shè-à), or 
softening of the eartilage, which results 
from abnormal movement of the patella 


within the patellar groove, and fat pad syn- 
drome, which eonsists of an accumulation 
of fluid in the fat pad posterior to the patella. 
An acutely swollen knee appearing immedi- 
ately after an injury is usually a sign of blood 
accumulation within the joint eavity and is 
ealled a hemarthrosis (hé'mar-thrò'sis, 
hem'ar-thró'sis). A slower accumulation of 
fluid, "water on the knee," may be caused by 
bursitis. 
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Elbow Problems 



Oleeranon bursitis is an inflammation of the oleeranon bursa. 
This inflammation ean be caused by excessive rubbing of the elbow 
against a hard surface and is sometimes referred to as student's 
elbow.The radial head ean beeome subluxated (partially disloeated) 
from the annular ligament of the radius (see figure 7.39). This eondi- 
tion is ealled nursemaid's elbow. If a ehild is lifted by one hand, the 
aetion may subluxate the radial head. 


Hip Joint 

The hip joint is a ball-and-soeket joint between the coxal bone and 
femur. The femoral head articulates with the relatively deep, eoneave 
acetabulum of the coxal bone (figure 7 A%d). The hip joint is eapable 
of a wide range of movement, including flexion, extension, abduc- 
tion, adduction, rotation, and circumduction. 

The acetabulum is deepened and strengthened by a lip of fibro- 
eartilage ealled the acetabular labmrn. An extremely strong joint 
capsule, reinforeed by several ligaments, extends from the rim of 
the acetabulum to the neek of the femur. The ligament of the head 
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of the femur (round ligament of the femur) is loeated inside the 
hip joint between the femoral head and the acetabulum. This liga- 
ment does not contribute much toward strengthening the hip joint; 
however, it does earry a small nutrient artery to the head of the 
femur in about 80% of the population. The acetabular labrum, 
ligaments of the hip, and surrounding muscles make the hip joint 
much more stable but less mobile than the shoulder joint. 



Hip Disloeation 

Disloeation of the hip may occur when the hip is flexed and the 
femur is driven posteriorly, such as when a person sitting in an auto- 
mobile is involved in an aeeident.The head of the femur usually dis- 
loeates posterior to the acetabulum, tearing the acetabular labrum, 
the fìbrous capsule, and the ligaments. Fracture of the femur and the 
coxal bone often aeeompanies hip disloeation. 


Knee Joint 

At the knee, the femur joins the tibia and the patella and the fibula 
joins the tibia (figure 7.49). The patella is loeated within the tendon 
of the quadriceps femoris muscle. The knee joint is a modified hinge 
joint between the femur and the tibia that allows flexion, extension, 
and a small amount of rotation of the leg. The distal end of the femur 
has two large, rounded eondyles with a deep intereondylar fossa 
between them (see figure 73òb). The femur articulates with the 
proximal eondyles of the tibia, which are flattened, with a erest ealled 
the intereondylar eminenee between them (see figure 7.36). The 
lateral and medial menisei build up the margins of the tibial eon- 
dyles and deepen their articular surfaces (see figure 7Á9b—d). 

Two ligaments extend between the tibia and the intereondylar fossa 
of the femur. The anterior emeiate (kroo ' shé-àt, erossed) ligament 
attaehes to the tibia anterior to the intereondylar eminenee (see 
figure 7 .49e) and prevents anterior displaeement of the tibia relative 
to the femur. The posterior emeiate ligament attaehes to the tibia 
posterior to the intereondylar eminenee (see figure 7Á9d) and prevents 
posterior displaeement of the tibia. The fibular (lateral) eollateral 
ligament and the tibial (medial) eollateral ligament strengthen the 
sides of the knee joint and prevent the femur from tipping side to side 
on the tibia. Other ligaments and the tendons of the thigh muscles, 
which extend around the knee, also provide stability. 

A number of bursae surround the knee (see figure 7Á9b). The 
largest is the suprapatellar bursa, which is a superior extension of the 
joint capsule that allows for movement of the anterior thigh muscles 
over the distal end of the femur. Other knee bursae include the sub- 
cutaneous prepatellar bursa and the deep infrapatellar bursa. 

Ankle Joint and Arehes of the Foot 

The distal tibia and fibula form a highly modified hinge joint with 
the talus ealled the ankle joint, or taloemral (tà'lò-kroo'ràl) joint. 
The medial and lateral malleoli of the tibia and fibula, which form 
the medial and lateral margins of the ankle, are rather extensive, 
whereas the anterior and posterior margins are almost nonexistent 
(see figure 7.36). As a result, a hinge joint is ereated. Body weight is 
transmitted from the tibia to the talus (see figure 737b). Ligaments 


extending from the lateral and medial malleoli attaeh to the tarsal 
bones, stabilizing the joint (figure 7.30). Dorsiflexion, plantar flex- 
ion, and limited inversion and eversion ean occur at the ankle joint. 

The arehes of the foot (see figure 737b) are supported by ligaments 
(see figure 7.30). These ligaments hold the bones of the arehes in their 
proper relationship and provide ties aeross the areh somewhat like a 
bowstring. As weight is transferred through the areh system, some of the 
ligaments are stretehed, giving the foot more flexibility and allowing it 
to adjust to uneven surfaces. When weight is removed from the foot, 
the ligaments reeoil and restore the arehes to their unstressed shape. 



Ankle lnjury and Areh Problems 

The ankle is the most frequently injured major joint in the body. A 
sprained ankle results when the ligaments of the ankle are torn 
partially or eompletely. The most eommon ankle injuries result from 
forceful inversion of the foot and damage to the lateral ligaments 
(fìgure F). Eversion of the foot and medial ligament damage is rare 
and usually involves fracture of the malleoli (see fìgure F). 



Direetion of foree 


Torn fibers of 

calcaneofibular 

ligament 


Torn fibers of 
anterior talofibular 
ligament 



Lateral view 

Figure F lnjury to the Right Ankle 


The arehes of the foot normally form early in fetal life. Failure to 
form results in eongenital flat feet, or fallen arehes, a eondition 
in which the arehes, primarily the medial longitudinal areh (see 
figure 7.37), are depressed or eollapsed.This eondition is not always 
painful. Flat feet may also occur when the muscles and ligaments 
supporting the areh fatigue and allow the areh, usually the medial 
longitudinal areh, to eollapse. During prolonged standing, the 
plantar calcaneonavicular ligament may streteh, flattening the 
medial longitudinal areh.The transverse areh may also beeome flat- 
tened.The strained ligaments ean beeome painful. 
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Figure 7.49 Right Knee Joint apìr 


(d) Posterior view 
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Arthritis, an inflammation of any 
joint, is the most eommon and best known 
of the joint disorders, affeeting 10% of the 
world's population and 14% of the U.S. 
population. There are over 37 million eases 
of arthritis in the United States alone. 
More than 100 types of arthritis exist. 
eiassifìeation is often based on the cause 
and progress of the arthritis. Its causes 
include infectious agents, metabolie disor- 
ders, trauma, and immune disorders. Mild 
exercise retards joint degeneration and 
enhanees mobility. Swimming and walking 
are reeommended for people with arthritis, 
but running, tennis, and aerobies are not 
reeommended. Therapy depends on the 
type of arthritis but usually includes the use 
of anti-inflammatory drugs. 

Osteoarthritis (OA), or degenerative 
arthritis, is the most eommon type of 
arthritis, affeeting 10% of people in the 
United States (85% of those over age 70). 
OA may begin as a molecular abnormality 
in articular eartilage, with heredity and nor- 
mal wear and tear of the joint important 

V _ 


Arthritis 

contributing faetors. Slowed metabolie 
rates with inereased age also seem to eon- 
tribute to OA. Inflammation is usually see- 
ondary in this disorder. It tends to occur in 
the weight-bearing joints, such as the 
knees, and is more eommon in overweight 
individuals. OA is beeoming more eommon 
in younger people as a result of inereasing 
rates of ehildhood obesity. 

Rheumatoid arthritis (RA) is the see- 
ond most eommon type of arthritis. It 
affeets about 3% of all women and about 
1% of all men in the United States. It is a 
general eonneetive tissue disorder that 
affeets the skin, vessels, lungs, and other 
organs, but it is most pronounced in the 
joints. It is severely disabling and most 
eommonly destroys small joints, such as 
those in the hands and feet.The initial cause 
is unknown but may involve a transient 
infeetion or an autoimmune disease (an 
immune reaetion to one's own tissues) (see 
ehapter 19) that develops against eollagen. 
A genetie predisposition may also exist. 
Whatever the cause, the ultimate course 



appears to be imrrmnologie. People with 
elassie RA have a protein, rheumatoid fae- 
tor, in their blood. In RA, the synovial fluid 
and assoeiated eonneetive tissue eells pro- 
liferate, forming a pannus (elothlike layer), 
which causes the joint capsule to beeome 
thiekened and which destroys the articular 
eartilage. In advaneed stages, opposing 
joint surfaces ean beeome fused. 

As a result of reeent advaneements in 
biomedieal teehnology, many joints of the 
body ean be replaeed by artifieial joints. 
Joint replaeement, ealled arthroplasty, was 
first developed in the late 1950s. One of the 
major reasons for its use is to eliminate 
unbearable pain in patients near ages 55 to 
60 with joint disorders. Osteoarthritis is the 
leading disease requiring joint replaeement 
and accounts for two-thirds of the patients. 
Rheumatoid arthritis accounts for more 
than half of the remaining eases. 
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64 For eaeh of the following joints, name the bones of the joint, the 
speeifie part of the bones that form the joint, the type of joint, and 
the possible movement(s) at the joint: temporomandibuìar, shoulder, 
elbow, hip, knee, and ankle. 


7.7 Effeets of Aging on the Joints 

A number of ehanges occur within many joints as a person ages. 
Those that occur in synovial joints have the greatest effeet and often 
present major problems for elderly people. With use, the eartilage 
eovering articular surfaces ean wear down. When a person is young, 
production of new, resilient matrix eompensates for the wear. As a 
person ages, the rate of replaeement deelines and the matrix beeomes 
more rigid, thus adding to its rate of wear. The production rate of 
lubricating synovial fluid also deelines with age, further contributing 
to the wear of the articular eartilage. Many people also experience 
arthritis, an inflammatory degeneration of joints, with advaneing 
age. In addition, the ligaments and tendons surrounding a joint 
shorten and beeome less flexible with age, resulting in a deerease in 
the range of motion of the joint. Furthermore, older people often 
experience a general deerease in aetivity, which causes the joints to 
beeome less flexible and their range of motion to deerease. 

65 What age-related faetors contribute to eartilage wear in synovial 
joints? To loss of flexibility and loss of range of motion in synovial 
joints? 
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ehapter 7 


Siimmary 


7.1 General eonsiderations of Bones (p. iso) 

1. Bones are paired or unpaired. 

2. Bones have proeesses, smooth surfaces, and holes that are assoeiated 
with ligaments, muscles, joints, nerves, and blood vessels. 

7.2 Axial Skeleton (p. iso) 

The axial skeleton eonsists of the skull, hyoid bone, vertebral column, and 

thoraeie eage. 

Skull 

1. The skull is eomposed of 22 bones. 

■ The brainease proteets the brain. 

■ The faeial bones proteet the sensory organs of the head and are 
muscle attaehment sites (mastieation, faeial expression, and eye 
muscles). 

■ The mandible and maxillae hold the teeth, and the auditory ossieles, 
which function in hearing, are loeated inside the temporal bones. 

2. The parietal bones are joined at the midline by the sagittal suture; they 
are joined to the frontal bone by the eoronal suture, to the oeeipital 
bone by the lambdoid suture, and to the temporal bone by the 
squamous suture. 

3. The external oeeipital protuberance is an attaehment site for an elastie 
ligament. Nuchal lines are the points of attaehment for neek muscles. 

4. Several skull features are seen from a lateral view. 

■ The external acoustic meatus transmits sound waves toward the 
eardmm. 

■ Neek muscles attaeh to the mastoid proeess, which eontains mastoid 
air eells. 

■ The temporal lines are attaehment points of the temporalis muscle. 

■ The zygomatie areh, from the temporal and zygomatie bones, forms 
a bridge aeross the side of the skull. 

■ The mandible articulates with the temporal bone. 

3. Several skull features are seen from an anterior view. 

■ The orbits eontain the eyes. 

■ The nasal eavity is divided by the nasal septum. 

■ Sinuses within bone are air-filled eavities. The paranasal sinuses, 
which eonneet to the nasal eavity, are the frontal, sphenoidal, 
maxillary, and ethmoidal sinuses. 

6. Several features are on the inferior surface of the skull. 

■ The spinal eord and brain are eonneeted through the foramen 
magnum. 

■ Oeeipital eondyles are points of articulation between the skull and 
the vertebral column. 

■ Blood reaehes the brain through the internal earotid arteries, which 
pass through the earotid eanals, and the vertebral arteries, which pass 
through the foramen magnum. 

■ Most blood leaves the brain through the internal jugular veins, 
which exit through the jugular foramina. 

■ Styloid proeesses provide attaehment points for three muscles 
involved in movement of the tongue, hyoid bone, and pharynx. 

■ The hard palate separates the oral eavity from the nasal eavity. 

7. Several skull features are inside the eranial eavity. 

■ The erista galli is a point of attaehment for one of the meninges. 

■ The olfaetory nerves extend into the roof of the nasal eavity through 
the olfaetory foramina of the eribriform plate. 

■ The sella turcica is occupied by the pituitary gland. 


Hyoid Bone 

The hyoid bone, which “floats” in the neek, is the attaehment site for throat 
and tongue muscles. 

vertebral Column 

1. The vertebral column provides flexible support and proteets the 
spinal eord. 

2. The vertebral column has four major curvatures: eervieal, thoraeie, 
lumbar, and saeral/eoeeygeal. Abnormal curvatures are lordosis 
(lumbar), kyphosis (thoraeie), and seoliosis (lateral). 

3. A typieal vertebra eonsists of a body, a vertebral areh, and various 
proeesses. 

■ Part of the body and the vertebral areh (pediele and lamina) 
form the vertebral foramen, which eontains and proteets the 
spinal eord. 

■ The transverse and spinous proeesses are points of muscle and 
ligament attaehment. 

■ Vertebrae articulate with one another through the superior and 
inferior articular proeesses. 

■ Spinal nerves exit through the intervertebral foramina. 

4. Adjaeent bodies are separated by intervertebral disks. The disk has a 
fibrous outer eovering (annulus fibrosus) surrounding a gelatinous 
interior (nucleus pulposus). 

3. Several types ofvertebrae ean be distinguished. 

■ All seven eervieal vertebrae have transverse foramina, and most have 
bifid spinous proeesses. 

■ The 12 thoraeie vertebrae have attaehment sites for ribs and are 
eharaeterized by long, downward-pointing spinous proeesses. 

■ The five lumbar vertebrae have thiek, heavy bodies and proeesses. 
Their superior articular faeets faee medially and their inferior 
articular faeets faee laterally. 

■ The saemrn eonsists of five fused vertebrae and attaehes to the coxal 
bones to form the pelvis. 

■ The coccyx eonsists of four fused vertebrae attaehed to the sacrum. 

Thoraeie Cage 

1. The thoraeie eage (eonsisting of the ribs, their assoeiated eostal 
eartilages, and the sternum) proteets the thoraeie organs and ehanges 
volume during respiration. 

2. Twelve pairs of ribs attaeh to the thoraeie vertebrae. They are divided 
into seven pairs of true ribs and five pairs of false ribs. Two pairs of false 
ribs are floating ribs. 

3. The sternum is eomposed of the manubrium, the body, and the 
xiphoid proeess. 

7.3 Appendieiilar Skeleton (p. ió7) 

The appendicular skeleton eonsists of the upper and lower limbs and the 
girdles that attaeh the limbs to the body. 

Peetoral Girdle 

1. The peetoral girdle eonsists of the scapulae and elavieles. 

2. The scapula articulates with the humerus (at the glenoid eavity) and the 
elaviele (at the aeromion). It is an attaehment site for shoulder, baek, 
and arm muscles. 

3. The elaviele holds the shoulder away from the body and allows 
movement of the scapula, resulting in free movement of the arm. 
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Upper Limb 

1. The arm bone is the humerus. 

■ The hiimems articulates with the scapula (head), the radius 
(capitulum), and the ulna (troehlea). 

■ Sites of muscle attaehment are the greater and lesser mbereles, the 
deltoid tuberosity, and the epieondyles. 

2. The forearm eontains the ulna and radius. 

■ The ulna and radius articulate with eaeh other and with the humerus 
and wrist bones. 

■ The wrist ligaments attaeh to the styloid proeesses of the radius and 
ulna. 

3. Eight earpal, or wrist, bones are arranged in two rows. 

4. The hand eonsists of five metaearpal bones. 

3. The phalanges are bones of the digits. Eaeh finger has three phalanges, 
and the thumb has two phalanges. 

Pelvie Girdle 

1. The lower limb is attaehed solidly to the coxal bone and fimetions in 
support and movement. 

2. The pelvie girdle eonsists of the right and left coxal bones and saemm. 
Eaeh coxal bone is formed by the fusion of the ilium, the ischium, and 
the pubis. 

■ The coxal bones articulate with eaeh other (symphysis pubis) and 
with the saemm (saeroiliae joint) and the femur (acetabulum). 

■ Muscles attaeh to the anterior iliae spines and the isehial tuberosity; 
ligaments attaeh to the posterior iliae spines, isehial spine, and isehial 
mberosity. 

■ The female pelvis has a larger pelvie inlet and outlet than the male 
pelvis. 

Lower Limb 

1. The thigh bone is the femur. 

■ The femur articulates with the coxal bone (head), the tibia (medial 
and lateral eondyles), and the patella (patellar groove). 

■ Sites of muscle attaehment are the greater and lesser troehanters, as 
well as the adductor tubercle. 

■ Sites of ligament attaehment are the lateral and medial epieondyles. 

2. The leg eonsists of the tibia and the fibula. 

■ The tibia articulates with the femur, the fibula, and the talus. The 
fibula articulates with the tibia and the talus. 

■ Tendons from the thigh muscles attaeh to the tibial mberosity. 

3. Seven tarsal bones form the proximal portion of the foot and five 
metatarsal bones form the distal portion. 

4. The toes have three phalanges eaeh, except for the big toe, which 
has two. 

3. The bony arehes transfer weight from the heels to the toes and allow 
the foot to eonform to many different positions. 

7.4 JOÌIltS (p. 177) 

1. A joint, or articulation, is a plaee where two bones eome together. 

2. Joints are named aeeording to the bones or parts of bones involved. 

3. Joints are elassified aeeording to fimetion or type of eonneetive tissue 
that binds them together and whether fluid is present between the 
bones. 

Fibroiis Joints 

1. Fibrous joints are those in which bones are eonneeted by fibrous tissue 
with no joint eavity. They are eapable of little or no movement. 

2. Sutures have interloeking fingerlike proeesses held together by 
dense fibrous eonneetive tissue. They occur between most skull 
bones. 

3. Syndesmoses are joints eonsisting of fibrous ligaments. 


4. Gomphoses are joints in which pegs fit into soekets and are held in 
plaee by periodontal ligaments (teeth in the jaws). 

5. Some sutures and other joints ean beeome ossified (synostosis). 

Cartilaginous Joints 

1. Synehondroses are joints in which bones are joined by hyaline eartilage. 
Epiphyseal plates are examples. 

2. Symphyses are slightly movable joints made of fibroeartilage. 

Synovial Joints 

1. Synovial joints are eapable of eonsiderable movement. They eonsist of 
the following: 

■ Articular eartilage on the ends of bones provides a smooth surface for 
articulation. Articular disks and menisei ean provide additional support. 

■ A joint eavity is surrounded by a joint capsule of fibrous eonneetive 
tissue, which holds the bones together while permitting flexibility, and 
a synovial membrane produces synovial fluid that lubricates the joint. 

2. Bursae are extensions of synovial joints that proteet skin, tendons, or 
bone from structures that could mb against them. 

Types of Synovial Joints 

Synovial joints are elassified aeeording to the shape of the adjoining 
articular surfaces: plane (two flat surfaces), pivot (eylindrieal projeetion 
inside a ring), hinge (eoneave and convex surfaces), ball-and-soeket 
(projeetion shaped like a baseball into a eoneave surface), ellipsoid 
(projeetion shaped like a football into a eoneave surface), and saddle (two 
saddle-shaped surfaces). 

7.5 Types of Movement <p. i83> 

Gliding Movements 

Gliding movements occur when two flat surfaces glide over one another. 

Angular Movements 

Angular movements include flexion and extension, plantar and dorsiflexion, 
and abduction and adduction. 

Circular Movements 

Circular movements include rotation, pronation and supination, and 
circumduction. 

Speeial Movements 

Speeial movements include elevation, depression, protraetion, retraetion, 
excursion, opposition, reposition, inversion and eversion. 

eombination Movements 

Combination movements involve two or more other movements. 

7.6 Deseription of Seleeted Joints <p. m) 

Temporomandibular Joint 

1. The temporomandibular joint is a modified ellipsoid joint between the 
temporal and mandibular bones. 

2. The temporomandibular joint is eapable of elevation, depression, 
protraetion, retraetion, and lateral and medial excursion movements. 

Shoulder Joint 

1. The shoulder joint is a ball-and-soeket joint between the head of the 
humerus and the glenoid eavity of the scapula. It is strengthened by 
ligaments and the muscles of the rotator cuff. The tendon of the bieeps 
braehii passes through the joint capsule. 

2. The shoulder joint is eapable of flexion, extension, abduction, 
adduction, rotation, and circumduction. 
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Elbow Joint 

1. The elbow joint is a eompoimd hinge joint between the humerus, ulna, 
and radius. 

2. Movement at this joint is limited to flexion and extension. 

Hip Joint 

1. The hip joint is a ball-and-soeket joint between the head of the femur 
and the acetabulum of the coxal bone. 

2. The hip joint is eapable of fìexion, extension, abduction, adduction, 
rotation, and circumduction. 

Knee Joint 

1. The knee joint is a modified hinge joint between the femur and the 
tibia that is supported by many ligaments. 

2. The joint allows flexion, extension, and slight rotation of the leg. 


Ankle Joint and Arehes of the Foot 

1. The ankle joint is a modified hinge joint of the tibia, fibula, and talus 
that allows dorsiflexion, plantar flexion, inversion, and eversion of 
the foot. 

2. Ligaments of the foot arehes hold the bones in an areh and transfer 


weight in the foot. 


7.7 


Effeets of Aging on the Joints <p. i9i> 


With age, the eonneetive tissue of the joints beeomes less flexible and less 
elastie. The resulting joint rigidity inereases the rate of wear in the 
articulating surfaces. The ehange in eonneetive tissue also reduces the range 
of motion. 


Revievv and eomprehension 


7.1 


General eonsiderations of Bones (p. iso) 


1. Which of the following statements is true? 

a. Unpaired bones are loeated on either the right or left side of the body. 

b. A eondyle is a smooth, rounded end of a bone, eovered by articular 
eartilage. 

e. A tubercle is a hole through which a blood vessel or nerve extends. 
d. A foramen is a small bump to which a ligament or tendon attaehes. 


e. A sinus is a general term for a depression. 


7.2 


Axial Skeleton (p. iso) 


2. The superior and middle nasal eonehae are formed by projeetions of the 


a. sphenoid bone. 

b. vomer bone. 

e. palatine proeess of the maxillae. 


d. palatine bone. 

e. ethmoid bone. 


3. The perpendicular plate of the ethmoid and the 


form 


the nasal septum. 

a. palatine proeess of the maxilla 

b. horizontal plate of the palatine 


d. nasal bone 

e. laerimal bone 


e. vomer 


4. Which of these bones does not eontain a paranasal sinus? 


a. ethmoid 

b. sphenoid 


e. 


frontal 


e. 


maxilla 


d. temporal 


3. The mandible articulates with the skull at the 


a. styloid proeess. 

b. oeeipital eondyle. 
e. mandibular fossa. 


d. zygomatie areh. 

e. medial pterygoid 


6. The nerves for the sense of smell pass through the 


a. eribriform plate. 

b. nasolaerimal eanal. 

e. internal acoustic meatus. 


d. optie eanal. 

e. orbital fissure 


7. The major blood supply to the brain enters through the 


d. both a and b. 

e. all of the above 


a. foramen magnum. 

b. earotid eanals. 
e. jugular foramina. 

8. A herniated disk occurs when 

a. the annulus fibrosus ruptures. 

b. the intervertebral disk slips out of plaee. 
e. the spinal eord ruptures. 

d. too much fluid builds up in the nucleus pulposus 

e. all of the above. 


9. The weight-bearing portion of a vertebra is the 


a. vertebral areh. 

b. articular proeess. 


d. transverse proeess 

e. spinous proeess. 


e. 


body. 


10. Transverse foramina are found only in 


a. eervieal vertebrae. 

b. thoraeie vertebrae. 


e. lumbar vertebrae. e. the coccyx 
d. the saemrn. 


11. Articular faeets on the bodies and transverse proeesses are found only on 


a. eervieal vertebrae. 

b. thoraeie vertebrae. 


e. lumbar vertebrae. e. the coccyx. 
d. the saemrn. 


12. Which of these statements eoneerning ribs is tme? 

a. The tme ribs attaeh direetly to the sternum with eostal eartilage. 

b. There are five pairs of floating ribs. 

e. The head of the rib attaehes to the transverse proeess of the vertebra 
d. Floating ribs do not attaeh to vertebrae. 


7.3 


Appendicular Skeleton <p. i 67 > 


13. The point where the scapula and elaviele eonneet is the 


a. eoraeoid proeess. 

b. styloid proeess. 


e. glenoid eavity. 
d. aeromion. 


e. capitulum. 


14. The distal medial proeess of the humerus to which the ulna joins is the 


a. epieondyle. 

b. deltoid tuberosity. 


e. malleolus. 
d. capitulum. 


e. troehlea. 


13. The bone/bones of the foot on which the tibia rests is (are) the 


a. 


talus. 


b. calcaneus. 


e. metatarsal bones. 
d. navicular. 


e. 


phalanges. 


16. The projeetion on the coxal bone of the pelvie girdle that is used as a 
landmark for finding an injeetion site is the 


a. isehial tuberosity. 

b. iliae erest. 

e. anterior superior iliae spine. 


d. posterior inferior iliae spine 

e. isehial spine. 


17. When eomparing the peetoral girdle with the pelvie girdle, which of 
these statements is tme? 

a. The peetoral girdle has greater mass than the pelvie girdle. 

b. The pelvie girdle is more firmly attaehed to the body than the 
peetoral girdle. 

e. The peetoral girdle has the limbs more securely attaehed than the 
pelvie girdle. 

d. The pelvie girdle allows greater mobility than the peetoral girdle. 
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18. When eomparing a male pelvis with a female pelvis, which of these 
statements is true? 

a. The pelvie inlet in males is larger and more circular. 

b. The subpubic angle in females is less than 90 degrees. 
e. The isehial spines in males are eloser together. 

d. The saemrn in males is broader and less curved. 

19. A site of muscle attaehment on the proximal end of the femur is the 

a. greater troehanter. e. greater mberele. e. eondyle. 

b. epieondyle. d. intereondylar eminenee. 

20. The proeess that forms the large lateral bump in the ankle is the lateral 

a. malleolus. e. epieondyle. e. mberele. 

b. eondyle. d. mberosity. 

7.4 JOÌIltS (p. 177) 

21. Given these types of joints: 

1. gomphosis 3. symphysis 3. syndesmosis 

2. suture 4. synehondrosis 

Which types are elassified as fibrous joints? 

a. 1,2,3 b. 1,2,3 e. 2,3,5 d. 3,4,5 e. 1,2,3,4,5 

22. Which of these joints is not matehed with the eorreet joint type? 

a. parietal bone to oeeipital bone—suture 

b. between the coxal bones—symphysis 

e. humerus and scapula—synovial 

d. shafts of the radius and ulna—synehondrosis 

e. teeth in alveolar proeess—gomphosis 

23. In which of these joints are periodontal ligaments found? 

a. sutures e. symphyses e. gomphoses 

b. syndesmoses d. synovial 

24. The intervertebral disks are an example of 

a. sutures. e. symphyses. e. gomphoses. 

b. syndesmoses. d. synovial joints. 

25. Joints eontaining hyaline eartilage are ealled_, and 

joints eontaining fibroeartilage are ealled_ 

a. sutures, synehondroses d. synehondroses, symphyses 

b. syndesmoses, symphyses e. gomphoses, synehondroses 

e. symphyses, syndesmoses 

26. The inability to produce the fluid that keeps most joints moist would 
likely be caused by a disorder of the 

a. emeiate ligaments. e. articular eartilage. e. tendon sheath. 

b. synovial membrane. d. bursae. 

27. Which of these is not assoeiated with synovial joints? 

a. perichondrium on the surface of articular eartilage 

b. fibrous capsule d. synovial fluid 

e. synovial membrane e. bursae 

28. Assume that a sharp objeet penetrated a synovial joint. From this list of 
structures: 

1. tendon or muscle 4. fibrous capsule (of joint capsule) 

2. ligament 5. skin 

3. articular eartilage 6. synovial membrane (of joint capsule) 

Choose the order in which they would most likely be penetrated. 

a. 5,1,2,6,4,3 e. 5,1,2,6,3,4 e. 5,1,2,4,6,3 

b. 5,2,1,4,3,6 d. 5,1,2,4,3,6 

29. Which of these do hinge joints and saddle joints have in eommon? 

a. Both are synovial joints. 

b. Both have eoneave surfaces that articulate with a convex surface. 

e. Both are uniaxial joints. 

d. Both a and b are eorreet. 

e. All of the above are eorreet. 


30. Which of these joints is eorreetly matehed with the type of joint? 

a. atlas to oeeipital eondyle—pivot 

b. tarsal bones to metatarsal bones—saddle 
e. femur to coxal bone—ellipsoid 

d. tibia to talus—hinge 

e. scapula to humerus—plane 

7.5 Types of Movement <p. i83> 

31. Onee a doorknob is grasped, what movement of the forearm is 
neeessary to unlatch the door—that is, turn the knob in a clockwise 
direetion? (Assume using the right hand.) 

a. pronation e. supination e. extension 

b. rotation d. flexion 

32. After the door is unlatched, what movement of the elbow is neeessary 
to open it? (Assume the door opens in, and you are on the inside.) 

a. pronation e. supination e. extension 

b. rotation d. flexion 

33. After the door is unlatched, what movement of the shoulder is neeessary 
to open it? (Assume the door opens in, and you are on the inside.) 

a. pronation e. supination e. extension 

b. rotation d. flexion 

34. When grasping a doorknob, the thumb and little finger undergo 

a. opposition. e. lateral excursion. e. dorsiflexion. 

b. reposition. d. medial excursion. 

35. A runner notiees that the lateral side of her right shoe is wearing much 

more than the lateral side of her left shoe. This could mean that her 
right foot undergoes more_than her left foot. 

a. eversion e. plantar flexion e. lateral excursion 

b. inversion d. dorsiflexion 

36. For a ballet daneer to stand on her toes, her feet must 

a. evert. e. plantar flex. e. abduct. 

b. invert. d. dorsiflex. 

7.6 Deseription of Seleeted Joints <p. isó) 

37. A meniscus is found in the 

a. shoulder joint. e. hip joint. e. ankle joint. 

b. elbowjoint. d. knee joint. 

38. A lip (labmm) of fibroeartilage deepens the joint eavity of the 

a. temporomandibular joint. e. elbowjoint. e. anklejoint. 

b. shoulder joint. d. knee joint. 

39. Which of these structures helps stabilize the shoulder joint? 

a. rotator cuff muscles d. articular disk 

b. emeiate ligaments e. all of the above 

e. medial and lateral eollateral ligaments 

7.7 Effeets of Aging on the Joints (p. 191 ) 

40. With age, 

a. articular eartilage wears down. 

b. articular eartilage matrix beeomes more rigid. 

e. the rate of production of synovial fluid deereases. 

d. inflammatory degeneration of joints ean inerease. 

e. all of the above 

Answers in Appendix E 
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ehapter 7 


eritieal Thinking 


1. A patient has an infeetion in the nasal eavity. Name seven adjaeent 
structures to which the infeetion could spread. 

2. A patient is unconscious. Radiographie films reveal that the superior 
articular proeess of the atlas has been fractured. Which of the following 
could have produced this eondition: falling on the top of the head or 
being hit in the jaw with an uppercut? Explain. 

3. If the vertebral column is forcefully rotated, what part of the vertebra is 
most likely to be damaged? In what area of the vertebral column is such 
damage most likely? 

4. An asymmetrie weakness of the baek muscles ean produce which of the 
following: seoliosis, kyphosis, or lordosis? Which ean result from 
pregnaney? Explain. 

3. A decubitus ulcer is a ehronie ulcer that appears in pressure areas of 
skin overlying a bony prominenee in bedridden or otherwise 
immobilized patients. Where are likely sites for decubitus ulcers to 
occur? 

6. What might be the consequences of a broken forearm involving both 
the ulna and the radius when the ulna and radius fiise to eaeh other 
during repair of the fracture? 

7. Suppose you need to eompare the length of one lower limb with the 
length of the other in an individual. Using bony landmarks, suggest an 
easy way to aeeomplish the measurements. 

8. Why are more women than men knoek-kneed? 

9. On the basis of bone structure of the lower limb, explain why it is 
easier to turn the foot medially (sole of the foot faeing toward the 
midline of the body) than laterally. Why is it easier to eoek the wrist 
medially than laterally? 


10. Justin Time leaped from his hotel room to avoid burning to death in a 
fire. If he landed on his heels, what bone was likely fractured? 
Unfortunately for Justin, a 240-lb firefighter ran by and stepped heavily 
on the proximal part of Justin’s foot (not the toes). What bones could 
have been broken? 

11. For eaeh of the following muscles, deseribe the motion(s) produced when 
the muscle eontraets. It may be helpfiil to use an articulated skeleton. 

a. The bieeps braehii muscle attaehes to the eoraeoid proeess of the 
scapula (one head) and the radial tuberosity of the radius. Name 
two movements that the muscle aeeomplishes in the forearm. 

b. The rectus femoris muscle attaehes to the anterior inferior iliae 
spine and the tibial tuberosity. How does eontraetion move the 
thigh? The leg? 

e. The supraspinatus muscle is loeated in and attaehed to the 

supraspinatus fossa of the scapula. Its tendon runs over the head of 
the humerus to the greater tubercle. When it eontraets, what 
movement occurs at the glenohumeral (shoulder) joint? 
d. The gastrocnemius muscle attaehes to the medial and lateral 

eondyles of the femur and to the calcaneus. What movement of the 
leg results when this muscle eontraets? Of the foot? 

12. Crash MeBang hurt his knee in an auto aeeident by ramming it into 
the dashboard. The doetor tested the knee for ligament damage by 
having Crash sit on the edge of a table with his knee flexed at a 
90-degree angle. The doetor attempted to pull the tibia in an anterior 
direetion (the anterior drawer test) and then tried to push the tibia in a 
posterior direetion (the posterior drawer test). No unusual movement 
of the tibia occurred in the anterior drawer test but movement did 
occur during the posterior drawer test. Explain the purpose of eaeh test, 
and tell Crash which ligament he has damaged. 

Answers in Appendix F 
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Color-enhanced seanning eleetron mierograph of skeletal muscle 
fibers. Skeletal muscle fibers are very large, multinucleated eells 
that are long and uniform in diameter. The nuclei show up as 
egg-shaped bumps on the surface of the eell. Two nuclei have 
broken out of the middle eell. One is gone and the other is 
partially dislodged from the eell. The curly material in the upper 
right eorner is eonneetive tissue assoeiated with the muscle fibers 
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lntroduction 

s a runner rounds the last eorner of the traek and sprints 

M m 


k 


for the finish line, her arms and legs are pumping as she 
tries to reaeh her maximum speed. Her heart is beating 
rapidly and her breathing is rapid, deep, and regular. Blood is 
shunted away from digestive organs, and a greater volume is 
delivered to skeletal muscles to maximize the oxygen supply to 
them. These aetions are aeeomplished by muscle tissue, the most 
abundant tissue of the body, and one of the most adaptable. 

Movements of the limbs, the heart, and other parts of the 
body are made possible by muscle eells that function like tiny 
motors. Muscle eells use energy extracted from nutrient mole- 
cules much as motors use energy provided by eleetrie current. 
The nervous system regulates and eoordinates muscle eells so 
that smooth, eoordinated movements are produced much as a 
computer regulates and eoordinates several motors in robotie 
maehines that perform assembly line functions. 


8.1 Fiinetions of the 

Muscular System 

Movements within the body are aeeomplished by eilia or flagella on 
the surfaces of some eells, by the foree of gravity, or by the eontrae- 
tion of muscles. Most of the body’s movements result from muscle 
eontraetions. As deseribed in ehapter 4, there are three types of 
muscle tissue: skeletal, smooth, and eardiae. The following are the 
major functions of muscles: 

1. Body movement. Contraction of skeletal muscles is responsible 
for the overall movements of the body, such as walking, 
rnnning, or manipulating objeets with the hands. 

2. Maintenanee ofpostnre. Skeletal muscles eonstantly maintain 
tone, which keeps us sitting or standing ereet. 

3. Respiration. Skeletal muscles of the thorax are responsible for 
the movements neeessary for respiration. 

4. Prodnetion ofbody heat. When skeletal muscles eontraet, heat is 
given off as a by-product. This released heat is eritieal to the 
maintenanee of body temperamre. 

3. Communication. Skeletal muscles are involved in all aspeets of 
communication, such as speaking, writing, typing, gesturing, 
and faeial expression. 

6. Constriction oforgans and vessels. The eontraetion of smooth 
muscle within the walls of internal organs and vessels causes 
eonstrietion of those structures. This eonstrietion ean help 
propel and mix food and water in the digestive traet, propel 
seeretions from organs, and regulate blood flow through blood 
vessels. 

7. Heartbeat. The eontraetion of eardiae muscle causes the heart to 
beat, propelling blood to all parts of the body. 

1 List the functions of skeletal, smooth, and eardiae muscles and 
explain how eaeh is aeeomplished. 


8.2 Properties and Types 

of Muscle 

Muscle has four major functional properties: eontraetility, excitabil- 
ity, extensibility, and elastieity. 

1. Contractility is the ability of muscle to shorten forcefully. 
When muscle eontraets, it causes movement of the 
structures to which it is attaehed, or it may inerease 
pressure inside hollow organs or vessels. Muscle 
eontraetion is an aetive proeess in which muscle eells 
generate the forees causing muscle to shorten. Muscle 
relaxation is a passive proeess and muscle elongation results 
from forees outside of the muscle, such as gravity, 
eontraetion of an opposing muscle, or the pressure of fluid 
in a hollow organ or vessel. 

2. Excitability is the eapaeity of muscle to respond to a 
stimulus. Normally, skeletal muscle eontraets as a result of 
stimulation by nerves. Smooth muscle and eardiae muscle ean 
eontraet without outside stimuli, but they also respond to 
stimulation by nerves and hormones. 

3. Extensibility means that muscle ean be stretehed beyond its 
normal resting length and is still able to eontraet. 

4. Elastieity is the ability of muscle to reeoil to its original resting 
length after it has been stretehed. 

Table 8.1 and “Muscle Tissue” in ehapter 4 provide a eom- 
parison of the major eharaeteristies of skeletal, smooth, and ear- 
diae muscle. Skeletal muscle with its assoeiated eonneetive tissue 
constitutes about 40% of the bodys weight and is responsible for 
loeomotion, faeial expressions, posture, respiratory movements, 
and many other body movements. The nervous system voluntarily, 
or consciously, eontrols the functions of the skeletal muscles. 

Smooth muscle is the most widely distributed type of muscle 
in the body, and it has the greatest variety of functions. It is in the 
walls of hollow organs and tubes, the interior of the eye, the walls 
of blood vessels, and other areas. Smooth muscle performs a vari- 
ety of functions, including propelling urine through the urinary 
traet, mixing food in the stomaeh and intestine, dilating and eon- 
strieting the pupils, and regulating the flow of blood through 
blood vessels. 

Cardiac muscle is found only in the heart, and its eontrae- 
tions provide the major foree for moving blood through the circu- 
latory system. Unlike skeletal muscle, eardiae muscle and many 
smooth muscles are autorhythmic; that is, they eontraet sponta- 
neously at somewhat regular intervals, and nervous or hormonal 
stimulation is not always required for them to eontraet. 
Furthermore, unlike skeletal muscle, smooth muscle and eardiae 
muscle are not consciously eontrolled by the nervous system. 
Rather, they are eontrolled involuntarily, or unconsciously, by the 
autonomic nervous system and the endoerine system (see ehapters 13 
and 15). 

2 Define eontraetility, excitability, extensibility, and elastieity of muscle 
tissue. 

3 Deseribe the structure, function, loeation, and eontrol of the three 
major muscle tissue types. 
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Table 8.1 

Features 

Loeation Attaehed to bones Walls of hollow organs, blood vessels, Heart 

eyes, glands, and skin 

Appearanee 


Cell shape 

Very long and eylindrieal (1 mm-4 em); 
extends the length of muscle faseieles, 
which in some eases is the length of 
the muscle 

Spindle-shaped (15-200 pm in length, 

5-8 pm in diameter) 

Cylindrical and branehed 
(100-500 pm in length, 

12-20 pm in diameter) 

Nucleus 

Multiple, peripherally loeated 

Single, eentrally loeated 

Single, eentrally loeated 

Speeial eell-eell 
attaehments 

None 

Gap junctions join some viseeral 
smooth muscle eells together 

interealated disks join eellsto one 
another 

Striations 

Yes 

No 

Yes 

Control 

Voluntary and involuntary (reflexes) 

lnvoluntary 

lnvoluntary 

Capable of 
spontaneous 
eontraetion 

No 

Yes (some smooth muscle) 

Yes 

Function 

1 

Body movement 

Food movement through the digestive 
traet, emptying of the urinary bladder, 
regulation of blood vessel diameter, 
ehange in pupil size, eontraetion of 
many gland ducts, movement of hair, 
and many other functions 

Pumps blood; eontraetions provide 
the major foree for propelling 
blood through blood vessels 



eomparison of Miisele Types 


Skeletal Muscle 


Smooth Musde 


Cardiac Musde 


8.3 Skeletal Muscle Structure 

Skeletal muscles are eomposed of skeletal muscle eells assoeiated 
with smaller amounts of eonneetive tissue, blood vessels, and nerves. 
Eaeh skeletal muscle eell is a single, long, eylindrieal eell eontaining 
several nuclei loeated around the periphery of the fiber near the 
plasma membrane. A single fiber ean extend from one end of a 
muscle to the other. In most muscles, the fibers range from approxi- 
mately 1 mm to about 4 em in length and from 10 pm to 100 pm 
in diameter. Skeletal muscle eells are often ealled skeletal muscle 
fibers because of their shape. 

4 Deseribe skeletal muscle fibers. 

eonneetive Tissue eoverings 
of Muscle 

Faseia (fash'é-à) is a general term for eonneetive tissue sheets within 
the body. Muscular faseia (formerly deep faseia) separates and eom- 
partmentalizes individual muscles or groups of muscles (figure 8.1). It 
eonsists of dense irregular collagenous eonneetive tissue. 

Individual muscles are surrounded by eonneetive tissue and 
subdivided by eonneetive tissue into muscle faseieles (fàs'i-kéls, 
bundles), which are bundles of muscle fibers. The epimysium 
(ep-i-mis'é-ixm, upon a muscle) is a eonneetive tissue sheath of 
dense collagenous eonneetive tissue surrounding individual muscles 
(see figure 8.1). The perimysium (per'i-mis'é-fim, around a muscle) 
is an extension of the epimysium that surrounds bundles of muscle 


fibers, forming muscle faseieles. The endomysium (en'dò-mis'é-um, 
within a muscle) is a layer of reticular fibers surrounding eaeh 
muscle fiber. 

Connective tissue assoeiated with skeletal muscle is eritieal to 
its proper hmetion. Muscle fibers are attaehed to the eonneetive 
tissue. At the ends of muscles, the muscle eonneetive tissue blends 
with other eonneetive tissue, such as tendons (see “Dense 
Connective Tissue,” ehapter 4), that anehors the muscle to other 
structures. Thus, eontraetion of muscle fibers results in the move- 
ment of structures, such as bone and skin. Connective tissue also 
provides a pathway for nerves and blood vessels to reaeh muscle 
fibers (see figure 8.1). 

5 Name the eonneetive tissue that separates and eompartmentalizes 
muscles. 

6 Name the eonneetive tissues that surround individual muscles, 
muscle faseieles, and muscle fibers. What is a muscle faseiele? 

Muscle Fibers 

Muscle fibers are organized into muscle faseieles (figure 8.2 a). The 
plasma membrane of a muscle fiber is ealled the sareolemma 
(sar'kò-lem'à, sareo, flesh + lemma, husk). The many nuclei of eaeh 
muscle fiber lie just inside the sareolemma and the interior of the 
fiber is filled with sareoplasm and many myofibrils (figure 8.2^). The 
sareoplasm (sar'kò-plazm) eonsists of organelles other than myofi- 
brils, such as mitoehondria and glyeogen granules. Eaeh myofibril 
(ml-ò-fl'bril) is a threadlike structure approximately 1—3 pm in 
diameter that extends from one end of the muscle fiber to the other 
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Muscular faseia 
(siirroiinds individual 
muscles and groups 
of muscles) 


Epimysium 

(surrounds 

muscles) 

Perimysium 

(surrounds 

faseieles) 

Endomysium 
(surrounds 
muscle fibers) 

Muscle 



Artery 


Nerve 


Faseiele 

Capillary 


Axon of motor neuron 


Synapse or neuromuscular junction 


Figure 8.1 Skeletal Muscle structure: eonneetive Tissue, 

Innervation, and Blood Supply 

This figure shows the eonneetive tissue surrounding a muscle, muscle faseieles, 
and muscle fibers. Arteries, veins, and nerves course together through the 
eonneetive tissue of muscles.They braneh frequently as they approaeh 
individual muscle fibers. At the level of the perimysium, axons of neurons 
braneh, and eaeh braneh extends to a muscle fiber. 


(figure 8.2 e). Two kinds of protein filaments, ealled aetin (ak'tin) 
and myosin (ml'ò-sin) myofilaments (ml-ò-fil'a-ments), are major 
eomponents of myofibrils. The aetin and myosin myofilaments form 
highly ordered units ealled sareomeres (sar'kò-mèrz), which are 
joined end to end to form the myofibrils (figure 8.2 d). 

Aetin and Myosin Myofilaments 

Aetin myofilaments, or thin myofilaments, resemble two minute 
strands of pearls twisted together (figure 8.2^). Eaeh strand of pearls 
is a fibrous aetin (F aetin) strand, and eaeh pearl is a globular aetin 
(G aetin). Eaeh G aetin has an aetive site, to which myosin mol- 
ecules ean bind during muscle eontraetion. Troponin (trò'pò-nin, 
a rnrning) molecules are attaehed at speeifie intervals along the 
aetin myofilaments and have Ca 2+ binding sites. Troponin is also 
attaehed to tropomyosin (trò-pò-mi'ò-sin) molecules loeated 
along the groove between the twisted strands of F aetin. When 
Ca 2+ is not bound to troponin, tropomyosin eovers the aetive sites 


on G aetin. When Ca 2+ binds to troponin, tropomyosin moves, 
exposing the aetive sites. 

Myosin myofilaments, or thiek myofilaments, resemble bun- 
dles of minute golf clubs (figure 8.2 f). Eaeh golf club is a myosin 
molecule eonsisting of a head, a hinged region, and a rod. The head 
of the myosin molecule has a deep eleft where myosin ean bind to 
the aetive site on G aetin to form a eross-bridge. The head also has 
a myosin ATPase, which is an enzyme that promotes the break- 
down of ATP. The energy from ATP enables movement of the head 
at the hinge region during eontraetion. The rods attaeh to eaeh 
other and are arranged so that the heads of the myosin molecules 
are loeated at eaeh end of the myosin myofilament. 

Sareomeres 

The arrangement of the aetin myofilaments and myosin myofila- 
ments gives the myofibril a banded, or striated, appearanee, with 
dark A bands alternating with light I bands. The A bands have a 
eentral H zone, which is divided by a faint M line. The I bands are 
divided by a Z disk, which is a filamentous network of protein 
forming a disklike structure for the attaehment of aetin myofila- 
ments. A sareomere extends from one Z disk to an adjaeent Z disk 
within a myofibril (see figure 8.2d; figure 8.3). A light I band 
includes a Z disk and extends from eaeh side of the Z disk to the ends 
of the myosin myofilaments. The I band on eaeh side of the Z disk 
eonsists only of aetin myofilaments. An A band extends the length 
of the myosin myofilaments within a sareomere. The aetin and myo- 
sin myofilaments overlap for some distanee at both ends of the A band, 
producing a darker appearanee. Eaeh myosin myofilament is 
surrounded by six aetin myofilaments where aetin and myosin myo- 
filaments overlap. In the eenter of eaeh A band is a smaller band 
ealled the H zone, where the aetin and myosin myofilaments do 
not overlap and only myosin myofilaments are present. A dark line, 
ealled the M line, is in the middle of the H zone and eonsists of 
delieate filaments that attaeh to the eenter of the myosin myofila- 
ments. The M line helps hold the myosin myofilaments in plaee, 
similar to the way the Z disk holds aetin myofilaments in plaee. 

In addition to aetin and myosin, there are other, less visible 
proteins within sareomeres. These proteins help hold aetin and myo- 
sin in plaee, and one of them accounts for muscle’s ability to streteh 
(extensibility) and reeoil (elastieity). Titin (tl'tin) (see figure 8.2 d) is 
one of the largest known proteins, eonsisting of a single ehain of 
nearly 27,000 amino aeids. It attaehes to a Z disk and extends along 
myosin myofilaments to the M line. The myosin myofilaments are 
attaehed to the titin molecules, which help hold them in position. 
Part of the titin molecule in the I band fimetions like a spring, allow- 
ing the sareomere to streteh and reeoil. 

7 What is the relationship among miisele fibers, myofibrils, 
myofilaments, and sareomeres? 

8 Deseribe the parts of aetin and myosin myofilaments. 

9 What parts of aetin and myosin myofilaments join to form a 
eross-bridge? 

10 What is the role of the myosin ATPase and hinge region during 
eontraetion? 

11 Deseribe the parts of a sareomere and how they produce a banding 
pattern. 
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myofilament 


Myosin 
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Figure 8.2 Parts of a Miisele tPLRj 

(a) A muscle is attaehed by a tendon to a bone. A muscle is eomposed of muscle faseieles, which are eomposed of muscle fibers (muscle eells). (b) Enlargement of one 
muscle fiber.The muscle fiber eontains several myofìbrils. (e) A myofibril extends out the end of the muscle fiber.The banding patterns of the sareomeres are shown in 
the myofibril. (d) A single sareomere of a myofibril is eomposed of aetin myofìlaments and myosin myofilaments.The Z disk anehors the aetin myofìlaments, and the 
myosin myofilaments are held in plaee by titin molecules and the M line. (e) Part of an aetin myofìlament is enlarged. ( f) Part of a myosin myofilament is enlarged. 
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Myofibrils 


Mitoehondria 



Sareomere 


Sareomere 


1 

1 




A band 


A band 


band 


(b) The arrangement of I and A 
bands, H zones, Z disks, 
and M lines in sareomeres 


Aetin 

myofilament 


Myosin 

myofilament 


band 


Zdisk 


H zone 


M line 


band 


Zdisk 


(e) Cross seetions through 
regions of the sareomeres 



Aetin myofilaments 

only 

in I band 


Myosin myofilaments 
surrounded by 
aetin myofilaments 
in A band 


Myosin myofilaments 

only 

in H zone 


Rod portion of myosin 
myofilaments and M line 


Figure 8.3 Organization of sareomeres ap r 


( a ) Eleetron mierograph of a skeletal muscle. Several sareomeres are shown in the myofibrils of a muscle fiber. [b) Diagram of two adjaeent sareomeres, depieting the 
structures responsible for the banding pattern.The I band is between the ends of myosin myofilaments on eaeh side of a Z disk.The A band is formed by the myosin 
myofìlaments within a sareomere.The H zone is between the ends of the aetin myofìlaments within a sareomere. Myosin myofìlaments are attaehed to the M line. 

(e) Cross seetions through regions of the sareomeres showthe arrangement of proteins in three dimensions. 


8.4 Sliding Filament Model 

The sareomere is the basie structural and fiinetional unit of skeletal 
muscle because it is the smallest portion of skeletal muscle eapable 
of eontraeting. Sareomeres shorten when the Z disks of sareomeres 
are pulled eloser together (figure 8.4). Within a sareomere, aetin 


myofilaments are attaehed to the Z disks. The Z disks are pulled 
together when the aetin myofilaments of opposing Z disks move 
toward eaeh other by sliding over myosin myofilaments. This is 
ealled the sliding filament model of muscle eontraetion. Aetin and 
myosin myofilaments do not ehange length during eontraetion of 
skeletal muscle. Consequently, the A bands do not ehange in length, 
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1. Aetin and myosin myofilaments in a 
relaxed muscle ( right) and a eontraeted 
muscle (#4 below) are the same length. 
Myofilaments do not ehange length during 
muscle eontraetion. 


Relaxed 

muscle 

Zdisk 

rh 


A band 

i 

1 band 

A band 

i 

H zone 

i 

Zdisk 

rh 

H zone 

L 

L 


Zdisk 

rh 



Myosin myofilament 


Aetin myofilament 


Sareomere 


2. During eontraetion, aetin myofilaments 
at eaeh end of the sareomere slide 
past the myosin myofilaments toward 
eaeh other. As a result, the Z disks 
are brought eloser together, and the 
sareomere shortens. 


Contracting 

nrmsele 


Zdisk 


Zdisk 


Zdisk 



Aetin myofilaments move toward 
eaeh other. 


Sareomere shortens as Z- 

disks move toward eaeh other. 


Contracting 

muscle 


3. As the aetin myofilaments slide over 
the myosin myofilaments, the H zones 
(yellow) and the I bands (blue) narrow. 
The A bands, which are equal to the 
length of the myosin myofilaments, do 
not narrow, because the length of the 
myosin myofilaments does not ehange. 



V 1 —i— 11 -1- 

H zone narrows. I band A band does not narrow. 

narrows. 


Fully eontraeted a band 

muscle -—J— 


I band 

i— 1 — A band 


4. In a fully eontraeted muscle, the ends 
of the aetin myofilaments overlap at 
the eenter of the sareomere and the 
H zone disappears. 



Proeess Figure 8.4 sareomere Shortening ap:r 


H zone disappears. 


I band 

narrows 

further. 


A band remains 
unchanged. 


but the H zones and I bands shorten as aetin myofilaments slide 
over myosin myofilaments. 

When sareomeres shorten, the myofibrils also shorten because 
the myofibrils eonsist of sareomeres joined end to end. The myofi- 
brils extend the length of the muscle fibers and, when they shorten, 


the muscle fibers shorten. Muscle fibers are organized into muscle 
faseieles, which are organized to form muscles (see figure 8.2). 
Therefore, when sareomeres shorten, myofibrils, muscle fibers, 
muscle faseieles, and muscles shorten to produce muscle eontrae- 
tions. During muscle relaxation, the sareomeres lengthen as aetin 
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myofilaments slide baek past myosin myofilaments and Z disks 
move farther apart. 

12 How are Z disks involved in the shortening of 
sareomeres? What is the sliding filament model of muscle 
eontraetion? 

13 Explain the ehanges in width of the bands and zones of a myofibril 
during muscle eontraetion. 

14 How does shortening of sareomeres result in a muscle eontraeting? 


Prediet 



What happens to the width of the bands and zones in a myofibril when a 
muscle is stretehed? 


8.5 Physiology of Skeletal 

Muscle Fibers 

Motor neurons are nerve eells with extensions ealled axons (see 
ehapter 4) that eonneet the brain and spinal eord to skeletal muscle 
fibers (see figure 8.1). The nervous system eontrols the eontraetion of 
skeletal muscles through these axons. Eleetrie signals, ealled aetion 
potentials, travel from the brain or spinal eord along the axons to 
muscle fibers and cause them to eontraet. 

Membrane Potentials 

Plasma membranes are polarized—that is, there is an eleetrie eharge 
differenee aeross eaeh plasma membrane. Just as a battery has a 
negative and a positive end, or pole, the inside of the plasma mem- 
brane is negatively eharged, eompared with the outside. This eharge 
differenee aeross the plasma membrane of an unstimulated eell is 
ealled the resting membrane potential. Just as with a battery, the 
eharge differenee ean be measured in units ealled volts. Any ehange 
in the eharge differenee results in a ehange in voltage aeross the 
plasma membrane. How the resting membrane potential is estab- 
lished is deseribed in ehapter 10. 

lon ehannels 

Onee the resting membrane potential is established, aetion potentials 
ean be produced. An aetion potential is a reversal of the resting mem- 
brane potential such that the inside of the plasma membrane beeomes 
positively eharged, eompared with the outside. When a eell is stimu- 
lated, the permeability eharaeteristies of the plasma membrane 
ehange as a result of the opening of eertain ion ehannels. The diffusion 
of ions through these ehannels ehanges the eharge aeross the plasma 
membrane and produces an aetion potential. Two types of gated ion 
ehannels play important roles in producing aetion potentials: 

1. Ligand-gated ion ehannels. A ligand (li'gand) is a molecule that 
binds to a reeeptor. A reeeptor is a protein or glyeoprotein that 
has a reeeptor site to which a ligand ean bind. Ligand-gated 
ion ehannels are ehannels with gates that open in response to a 
ligand binding to a reeeptor that is part of the ion ehannel. For 
example, the axons of nerve eells release ligands ealled 
neurotransmitters (noor'ò-trans-mit'erz). The motor neurons 
supplying skeletal muscle release the neurotransmitter 
aeetyleholine (as-e-til-kò'lèn) (ACh), which binds to 


Aeetyleholine Reeeptor sites 



ehannel 


1. The Na + ehannel has reeeptor sites for the 

neurotransmitter aeetyleholine. VVhen the reeeptor 
sites are not occupied by aeetyleholine, the Na + 
ehannel remains elosed. 


Aeetyleholine bound 
to reeeptor sites 



Na + ean diffuse \Open Na + 

through the open ehannel. ehannel 


2. VVhen two aeetyleholine molecules bind to their 
reeeptor sites on the Na + ehannel, the ehannel 
opens to allow Na + to diffuse through the 
ehannel into the eell. 

Proeess Figure 8.5 Ligand-Gated lon ehannel 


ligand-gated Na + ehannels in the membranes of the muscle 
fibers. As a result, the Na + ehannels open, allowing Na + to 
enter the eell (figure 8.5). 

2. Voltage-gated ion ehannels. These ehannels are gated membrane 
ehannels that open and elose in response to small voltage 
ehanges aeross the plasma membrane. When a nerve or muscle 
fiber is stimulated, the eharge differenee aeross the plasma 
membrane ehanges, producing a voltage ehange that causes 
voltage-gated ion ehannels to open or elose. Important 
voltage-gated ion ehannels are voltage-gated Na + , K + , and 
Ca 2+ ehannels. 

The eoneentration gradient for an ion determines whether that ion 
enters or leaves the eell after the ion ehannel, speeifie for that ion, opens. 
The Na + —K + pump moves Na + to the outside of the eell and K + to the 
inside of the eell (see ehapter 3). This results in a higher eoneentration of 
Na + in the extracellular fluid and a lower eoneentration of Na + in the 
intracellular fluid, and it results in a higher eoneentration of K + in the 
intracellular fluid and a lower eoneentration of K + in the extracellular 
fluid. Consequently, when voltage-gated Na + ehannels open, Na + move 
through them into the eell. In a similar fashion, when gated K + ehannels 
open, K + move out of the eell. 
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15 Define resting membranepotential and aetion potential. 

16 Namethetvvo major eategories of gated ion ehannels in the plasma 
membrane and give examples of eaeh. 

17 Deseribe the differenees in Na + and K + eoneentrations aeross the 
plasma membrane. Hovv does this affeet the movement of Na + and K + 
into and out of eells? 

Aetion Potentials 

Ligand-gated and voltage-gated ion ehannels allow eells to respond 
to stimuli and produce aetion potentials. When neurotransmitters, 
such as ACh, bind to ligand-gated Na + ehannels, positively eharged 


Na + difRise into eells (see figure 8.5), causing the inside of the 
plasma membrane to beeome more positive. This ehange in eharge 
produces a ehange in voltage ealled depolarization. Before a eell is 
stimulated, voltage-gated Na + and K + ehannels are elosed (figure 8.6, 
step 1). If the ehange in voltage caused by the movement of Na + into 
the eell is sufficient to reaeh a level ealled threshold, then 
voltage-gated Na + ehannels open. When the voltage-gated Na + 
ehannels open, Na + diffiase into the eell until the inside of the mem- 
brane beeomes positive, eompared with the outside of the membrane 
(figure 8.6, step 2). Thus, an aetion potential is a reversal of the eharge 
aeross the plasma membrane. As the inside of the eell beeomes posi- 
tive, this voltage ehange causes voltage-gated Na + ehannels to elose 


1. Resting membrane potential. 

Voltage-gated Na + ehannels (pink) and 
voltage-gated K + ehannels (purple) are 
elosed. The outside of the plasma 
membrane is positively eharged, 
eompared with the inside. 


2. Depolarization. Voltage-gated Na + 
ehannels are open. Depolarization 
results because the inward 
movement of Na + makes the inside 
of the membrane more positive. 


3. Repolarization. Voltage-gated Na + 
ehannels are elosed and voltage-gated 
K + ehannels are open. Na + movement 
into the eell stops and K + movement 
out of the eell inereases, causing 
repolarization. 


a 


Na 


+ 


Extracellular 


O 


o 


Na 


+ 


o 


o ehannel 


K + 

ehannel 



Cytoplasm 


O 


O 



O 


Na + ehannels 
open. 



O 


Na + diffuse 
into eell. 


v * 


Charge differenee 
aeross the plasma 
membrane 


Outside 


+ + + + + + + 



Inside 


Outside 


+ + + + + + + 


Inside 



Outside 


+ + + + + + + 



Inside 


K + ehannels Na + ehannels 

open. elose. 


Proeess Figure 8.6 Gated lon ehannels and the Aetion Potential 

Step 1 illustrates the status of gated Na + and K + ehannels in a resting eell. Steps 2 and 3 show how the ehannels open and elose to produce an aetion potential. At the 
far right, the eharge differenee aeross the plasma membrane is illustrated. 
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and voltage-gated K + ehannels to open (figure 8.6, step 3). 
Consequently, Na + no longer move into the eell and K + move out 
of the eell, causing the inside of the plasma membrane to beeome 
more negative and the outside more positive. The return of the mem- 
brane potential to its resting value is ealled repolarization. The 
aetion potential ends and the resting membrane potential is reestab- 
lished when the voltage-gated K + ehannels elose. The eell ean now 
be stimulated again. 

An aetion potential results from the movement of Na + into the eell 
and K + out of the eell. This potentially causes an imbalanee in the 
normal eoneentrations of Na + and K + inside and outside eells. A Na + - 
K + pump (see figure 3.8) restores normal ion balanee by moving Na + 
out of, and K + into, the eell. 

Aetion potentials occur aeeording to the all-or-none prineiple; 
that is, aetion potentials either will not occur (the “none” part) or, if 
they do, are all the same (the “alf’ part). A subthreshold stimulus is 
too weak to initiate an aetion potential. A threshold stimulus is the 
minimum stimulus strength required to produce an aetion potential. 
Onee an aetion potential begins, however, all of the ion ehannel 
ehanges responsible for producing the aetion potential proeeed with- 
out stopping. A stronger-than-threshold stimulus results in the same 
aetion potential as a threshold stimulus because it, too, results in all of 
the ion ehannel ehanges neeessary to produce an aetion potential. 
Consequently, all of the aetion potentials in a given eell are alike. An 
aetion potential ean be eompared to the flash system of a eamera. If the 
shutter is depressed but not triggered (does not reaeh threshold), no 


flash results (the “none” part). Onee the shutter is triggered (reaehes 
threshold), the eamera flashes (an aetion potential is produced), and 
eaeh flash is the same brightness (the “all” part) as the previous flashes. 

An aetion potential occurs in a very small area of the plasma mem- 
brane and does not affeet the entire plasma membrane at one time. 
Aetion potentials ean propagate, or travel, aeross the plasma membrane 
because an aetion potential produced at one loeation in the plasma 
membrane ean stimulate the production of an aetion potential in an 
adjaeent loeation. Thus, aetion potentials produced in the brain or 
spinal eord ean propagate along nerve axons supplying skeletal muscles. 

18 How ean the opening of ligand-gated Na + ehannels result in an 
aetion potential? What is threshold? 

19 What happens to the eharge aeross the plasma membrane during 
depolarization and repolarization? Deseribe the role of voltage-gated 
ion ehannels in these proeesses. 

20 What is the all-or-none prineiple of aetion potentials? Define 
subthreshold and threshold stimuli. 

21 What is propagation of an aetion potential? 

Neuromuscular junction 

The axon of a motor neuron enters a muscle and sends out 
branehes to several muscle fibers. Eaeh axon braneh forms a neu- 
romuscular junction, or synapse, with a muscle fiber (see figure 8.1; 
figure 8.7). Within a synapse, an axon braneh subdivides to form a 
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Figlire 8.7 Neuromuscular Jiinetion ap r 

(a) An axon braneh joins a muscle fiber to form a neuromuscular 
junction.The axon braneh subdivides to form several presynaptie 
terminals within the neuromuscular junction. ( b ) The presynaptie 
terminal eontaining synaptie vesieles is separated from the 
postsynaptie membrane by the synaptie eleft. (e) Photomierograph 
of neuromuscular junctions. 
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cluster of enlarged axon endings ealled presynaptie (prè'si-nap'tik) 
terminals. Eaeh presynaptie terminal rests in an invagination of the 
sareolemma of the muscle fiber. The spaee between the presynaptie 
terminal and the muscle fiber is the synaptie (si-nap'tik) eleft, and the 
muscle plasma membrane in the area of the synapse is the postsynap- 
tie (pòst-si-nap'tik) membrane, or motor end-plate. 

Eaeh presynaptie terminal eontains numerous mitoehondria 
and many small, spherieal saes ealled synaptie vesieles, which eontain 
the neurotransmitter aeetyleholine. 

When an aetion potential reaehes the presynaptie terminal, it 
causes voltage-gated calcium ion (Ca 2+ ) ehannels in the plasma 
membrane of the axon to open (figure 8.8). Calcium ions diffuse into 


the presynaptie terminal because the eoneentration of Ca 2+ is greater 
outside of the eell than inside. The Ca 2+ cause a few synaptie vesieles 
to release aeetyleholine by exocytosis from the presynaptie terminal 
into the synaptie eleft. The aeetyleholine diffuses aeross the synaptie 
eleft and binds to ligand-gated Na + ehannels loeated within the 
postsynaptie membrane. The ligand-gated Na + ehannels open and 
Na + diffuse into the eell, causing depolarization and the production 
of an aetion potential, which leads to eontraetion of the muscle fiber 
(see “Excitation—Contraction Coupling,” p. 208). 

Aeetyleholine released into the synaptie eleft is rapidly broken 
down to aeetie aeid and eholine by the enzyme aeetyleholinesterase 
(as'e-til-kó-lin-es'ter-às) (see figure 8.8). Aeetyleholinesterase keeps 


1. An aetion potential (orange arrow) arrives at the 
presynaptie terminal and causes voltage-gated 
Ca 2+ ehannels in the presynaptie membrane to 
open. 


2. Calcium ions enter the presynaptie terminal and 
initiate the release of the neurotransmitter 
aeetyleholine (ACh) from synaptie vesieles. 


3. ACh is released into the synaptie eleft by 
exocytosis. 


4. ACh diffuses aeross the synaptie eleft and binds 
to ligand-gated Na + channels on the 
postsynaptie membrane. 


5. Ligand-gated Na + ehannels open and Na + 
enter the postsynaptie eell, causing the 
postsynaptie membrane to depolarize. If 
depolarization passes threshold, an aetion 
potential is generated along the postsynaptie 
membrane. 


6. ACh unbinds from the ligand-gated Na + 
ehannels, which then elose. 


7. The enzyme aeetyleholinesterase, which is 
attaehed to the postsynaptie membrane, 
removes aeetyleholine from the synaptie eleft 
by breaking it down into aeetie aeid and eholine. 


8. Choline is symported with Na + into the 

presynaptie terminal, where it ean be reeyeled to 
make AÒh. Aeetie aeid diffuses away from the 
synaptie eleft. 


9. ACh is formed within the presynaptie terminal 
using aeetie aeid generated from metabolism 
and from eholine reeyeled from the synaptie 
eleft. ACh is then taken up by synaptie vesieles. 
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ehapter 8 



ehanging Neuromuscular Junction Aetivity 




Neuromuscular-blocking drugs 

aet at the neuromuscular junction to pre- 
vent or reduce aetion potential production 
in muscle fibers, thus preventing or reducing 
muscle eontraetions. Presynaptie inhibi- 
tion prevents the synthesis or release of ACh 
from the presynaptie terminal. Botulinum 
toxin, produced by the bacterium C. botuli- 
num, prevents ACh release. Improper ean- 
ning of foods allows the baeteria to grow 
and produce the toxin. Ingestion of the toxin 
ean lead to death because of paralysis of 
respiratory muscles. The most eommon eos- 
metie procedure in the llnited States is injee- 
tion of botulinum toxin (BOTOX) to relax 
faeial muscles causing wrinkles. 

Postsynaptie inhibition prevents the 
production of aetion potentials in the post- 
synaptie membrane of muscle fibers. Non- 
depolarizing bloeking agents prevent 
ligand-gated Na + ehannel aetivity by binding 


to ACh reeeptors, which bloeks ACh binding 
to the reeeptors, or by bloeking the ion ehan- 
nel, which prevents Na + movement into the 
muscle fìber. The most famous drug of this 
type is curare, which is the name used for 
various dart/arrow tip poisons derived from 
plants in South Ameriea. Hunters use curare 
to paralyze wild animals used for food. Curare 
derivatives and other drugs are used to relax 
muscles, espeeially abdominal muscles, for 
surgery. During surgery anaesthetie drugs 
are used to render patients unconscious. 
Llsing non-depolarizing bloeking agents in 
eombination with anesthetie drugs ean result 
in anaesthesia awareness, in which patients 
are conscious and ean pereeive pain during 
surgery but are unable to move and alert the 
medieal staff of their eondition. 

Myasthenia gravis (ml-as-thé'né-à 
gràv'is) is an autoimmune disorder in which 
the immune system inappropriately attaeks 


one's own eells as if they were foreign eells, 
such as baeteria. In myasthenia gravis, the 
immune response results in a deereased 
number of ligand-gated and voltage-gated 
Na + ehannels in neuromuscular junctions. 
Thus, there is a deereased ability of the ner- 
vous system to stimulate skeletal muscle 
fibers and there is a deereased ability of skel- 
etal muscle fìbers to generate aetion poten- 
tials.The result is muscular weakness. A elass 
of drugs that includes neostigmine partially 
bloeks the aetion of aeetyleholinesterase 
and sometimes is used to treat myasthenia 
gravis. The drugs cause aeetyleholine levels 
to inerease in the synaptie eleft and eom- 
bine more effeetively with the remaining 
aeetyleholine reeeptors. 



ANATOMY & PHYSIOLOGY 



aeetyleholine from accumulating within the synaptie eleft, where it 
would aet as a eonstant stimulus at the postsynaptie terminal, pro- 
ducing many aetion potentials and continuous eontraetion of the 
muscle fiber. The release of aeetyleholine and its rapid degradation in 
the synaptie eleft ensures that one presynaptie aetion potential yields 
only one postsynaptie aetion potential. 

Choline molecules are absorbed by the presynaptie terminal by 
symport (see figures 3.9 and 8.8). Choline eombines with the aeetie 
aeid produced within the eell to form aeetyleholine. Reeyeling eho- 
line molecules requires less energy and is more rapid than eompletely 
synthesizing new aeetyleholine molecules eaeh time they are released 
from the presynaptie terminal. 

22 Deseribe the neuromuscular junction. How does an aetion 
potential in the neuron produce an aetion potential in the muscle 
fiber? 

23 What is the importanee of aeetyleholinesterase in the synaptie eleft? 


Excitat on-Contraction eoiipling 

Excitation—eontraetion coupling is the meehanism by which 
aetion potentials in the sareolemma cause an inerease in Ca 2+ eon- 
eentration in the sareoplasm, which promotes eontraetion of a 
muscle fiber. The sareolemma extends into the interior of the muscle 
fiber by tubelike invaginations ealled transverse, or T, tubules. The 
T tubules wrap around sareomeres of myofibrils in the region where 
aetin and myosin myofilaments overlap (figure 8.9). Suspended in 
the sareoplasm between the T tubules is a highly speeialized 
smooth endoplasmie reticulum ealled the sareoplasmie reticulum 
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Figlire 8.9 T Tubules and Sareoplasmie Reticulum ap :r, 

AT tubule and the sareoplasmie reticulum on eaeh side of theT tubule form 
a triad. 


(sar-kó-plaz'mik re-tik'u-lum). Near theT tubules, the sareoplasmie 
reticulum is enlarged to form terminal eisternae (sis-ter'nè). AT tubule 
and the two adjaeent terminal eisternae together are ealled a triad 
(trl'ad). The sareoplasmie reticulum aetively transports Ca 2+ into its 
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lumen; thus, the eoneentration of Ca 2+ is approximately 2000 times 
higher within the terminal eisternae than in the sareoplasm of a rest- 
ing muscle. 

Excitation-contraction coupling begins at the neuromuscular 
junction with the production of an aetion potential in the sareolemma 
(figure 8.10). The aetion potential is propagated along the sareo- 
lemma and into the T tubules. At the terminal eisternae, the T 
tubules have voltage sensors, which are voltage-gated Ca 2+ ehan- 
nels. The aetion potential causes these ehannels to open, allowing 
Ca 2+ to enter the muscle fiber. More importantly, the T tubule 
voltage sensors meehanieally eonneet to terminal eisternae Ca 2+ 
release ehannels, which eontrol the movement of Ca 2+ out of the 
terminal eisternae. The aetion potential—induced ehange in the 
shape of the T tubule voltage sensors meehanieally cause a ehange in 
shape of the terminal eisternae Ca 2+ release ehannels. When the 
Ca 2+ release ehannels open, Ca 2+ rapidly diffuse into the sareo- 
plasm surrounding the myofibrils and bind to Ca 2+ binding sites on 
the troponin molecules of the aetin myofilaments. The eombination 
of Ca 2+ with troponin causes the troponin—tropomyosin complex 
to move deeper into the groove between the two F aetin strands, 
which exposes aetive sites on the aetin myofilaments. The heads of 
the myosin molecules then bind to the exposed aetive sites to form 
eross-bridges (see figure 8.10). Movement of the eross-bridges 
results in eontraetion. 


24 What is a triad? Where are Ca 2+ eoneentrated in a triad? 

25 How does an aetion potential produced in the postsynaptie 
membrane of the neuromuscular junction eventually result in eross- 
bridge formation? 

eross-Bridge Movement 

The energy from one ATP molecule is required for eross-bridge 
movement. Before a myosin head binds to an aetive site on an aetin 
myofilament, the head of the myosin molecule is in its eoeked posi- 
tion. Attaehed to the head are ADP and phosphate, derived from the 
breakdown of ATP (figure 8.11, step 1). The energy from the break- 
down of ATP is stored in the myosin head, which is eoeked, just as 
the bar of a mousetrap is eoeked when the trap is set. Just as a mouse 
nibbling on the eheese on a mousetrap sets off the trap, Ca 2+ binding 
to troponin sets off a series of events resulting in the movement of 
myosin heads. When Ca 2+ bind to troponin, tropomyosin moves, 
and the aetive sites on aetin myofilaments are exposed. The head of 
a myosin molecule binds to an aetive site, forming a eross-bridge, 
and the phosphate is released from the head (figure 8.11, step 2). 
Energy stored in the myosin head is used to move the head at the 
hinge region of the myosin molecule, which is ealled the power 
stroke. Movement of the head causes the aetin myofilament to slide 
past the myosin myofilament, and ADP is released from the myosin 


1. An aetion potential produced in the postsynaptie membrane 
in a neuromuscular junction is propagated along the 
sareolemma of the skeletal muscle fiber.The depolarization 
also spreads along the membrane of the T tubules. 


2. The depolarization of the T tubule causes gated 
Ca 2+ ehannels in the sareoplasmie reticulum to open, 
resulting in an inerease in the permeability of the 
sareoplasmie reticulum to Ca 2+ , espeeially in the terminal 
eisternae. Calcium ions then diffuse from the sareoplasmie 
reticulum into the sareoplasm. 


3. Calcium ions released from the sareoplasmie reticulum 
bind to troponin molecules.The troponin molecules bound 
to G aetin molecules are released, causing tropomyosin to 
move and expose the aetive sites on G aetin. 


4. Onee aetive sites on G aetin molecules are exposed, 
the heads of the myosin myofilaments bind to them 
to form eross-bridges. 
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Proeess Figure 8.10 Aetion Potentials and Muscle eontraetion 
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Aetin myofilament 


Myosin myofilament 



Zdisk 


Zdisk 


Sareomere 


Troponin 
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1. Exposure of aetive sites. Before eross- 
bridges eyele, Ca 2+ bind to the troponins and 
the tropomyosins move, causing the exposure 
of aetive sites on aetin myofilaments. 





Cross-bridge 


6. Reeovery stroke. The myosin head returns to its resting 
position (green arrow), and energy is stored in the myosin 
head. If Ca 2+ are still attaehed to troponins, eross-bridge 
formation and movement are repeated (return to step 2). This 
eyele occurs many times during a muscle eontraetion. Not all 
eross-bridges form and release simultaneously. 



5. Breakdovvn of ATP. The myosin ATPase portion of the 
myosin head splits ATP into ADP and phosphate (P), 
which remain attaehed to the myosin head. 



2. Cross-bridge formation. The myosin head binds to an 
exposed aetive site on the aetin myofilament to form a 
eross-bridge, and phosphate is released from the myosin 
head. I 



3. Power stroke. Energy stored in the myosin head is 
used to move the myosin head (green arrow), causing 
the aetin myofilament to slide past the myosin 
myofilament (purple arrow), and ADP is released from 
the myosin head (blaek arrow). 



4. Cross-bridge release. ATP binds to the myosin head, 
causing it to detaeh from the aetin. 

Proeess Figure 8.11 Breakdown of ATP and Cross-Bridge Movement During Muscle eontraetion apìR 


head (figure 8.11, step 3). This movement of aetin myofilaments 
results in muscle eontraetion (see “Sliding Filament Model,” p. 202). 
ATP binding to the myosin head causes eross-bridge release, and the 
myosin head separates from the aetin (figure 8.11, step 4). ATP is 
broken down to ADP and phosphate, which remain attaehed to the 
myosin head (figure 8.11, step 3). Energy released from the break- 
down of ATP is stored in the myosin head, which returns to its 
eoeked position in the reeovery stroke (figure 8.11, step 6). After the 
reeovery stroke, the myosin head ean form another eross-bridge at a 


different site on the aetin myofilament, followed by movement of the 
head, release of the eross-bridge, and return of the head to its original 
position (see figure 8.11, steps 2—6). This proeess, ealled eross- 
bridge eyeling, occurs many times during a single eontraetion. 

Unlike the eoordinated movements of a team of rowers, the 
myosin heads do not move in unison. Instead, their movements 
are more like those of people engaged in a game of “tug-of-war.” 
While some people (myosin heads) are pulling on the rope (aetin 
myofilament), other people let go of the rope and reaeh out to 
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grab the rope. Thus, the aetin myofilament moves while tension is 
maintained. 

26 Deseribe the events occurring in one eross-bridge eyele. Define povver 
stroke and reeovery stroke. 


Muscle Relaxation 

Excitation-contraction coupling results in the release of Ca 2+ from 
the sareoplasmie reticulum and the binding of Ca 2+ to troponin. 
Relaxation occurs as a result of the aetive transport of Ca 2+ baek 
into the sareoplasmie reticulum. As the Ca 2+ eoneentration 
deereases in the sareoplasm, Ca 2+ diffuse away from the troponin 
molecules. The troponin—tropomyosin complex then reestablishes 
its position, which bloeks the aetive sites on the aetin molecules. 
Following eross-bridge release, new eross-bridges eannot form, and 
relaxation occurs. 

ATP is required for eontraetion and relaxation. Energy from the 
breakdown of ATP is used to move myosin heads during eontraetion. 
Relaxation eannot occur without eross-bridge release, which requires 
ATP binding to myosin heads. Furthermore, relaxation requires the 
movement of Ca 2+ into the sareoplasmie reticulum, which is an 
aetive transport proeess requiring ATP. 

27 What is the role of Ca 2+ and ATP in muscle eontraetion and relaxation? 


Prediet 



Prediet the consequences of having the following eonditions develop in a muscle 
in response to a stimulus: (a) Na + eannot enter the skeletal muscle through 
voltage-gated Na + ehannels, (b) very little ATP is present in the muscle fiber before 
a stimulus is applied, and (e) adequate ATP is present within the muscle fiber, but 
aetion potentials occur at a frequency so great that Ca 2+ is not transported baek 
into the sareoplasmie reticulum between individual aetion potentials. 


8.6 Physiology of Skeletal 

Muscle 

Muscle Twitch 

A muscle twitch is the eontraetion and then relaxation of a muscle 
in response to a stimulus that causes an aetion potential in one or 
more muscle fibers. Even though the normal fianetion of muscles 
is more complex, an understanding of the muscle twitch makes the 
fianetion of muscles in living organisms easier to eomprehend. 

A hypothetieal eontraetion of a single muscle fiber in response 
to a single aetion potential is illustrated in figure 8.12. The time 
between applieation of the stimulus to the motor neuron supplying 
the muscle fiber and the beginning of eontraetion is the lag phase 
or latent phase; the time during which eontraetion occurs is the 
eontraetion phase; and the time during which relaxation occurs is 
the relaxation phase (table 8.2). 

28 Define the phases of a muscle twitch and deseribe the events 
responsible for eaeh phase. 



applied 


Figlire 8.12 Phases of a Muscle Twitch in a Single 

Muscle Fiber 

There is a short lag phase after stimulus applieation, followed by a eontraetion 
phase and a relaxation phase. 


Table 8.2 


Events That Occur during Eaeh 
Phase of a Muscle Twitch* 


/ \ 

Lag Phase 

1. An aetion potential is propagated to the presynaptie terminal of 
the motor neuron, causing voltage-gated Ca 2+ ehannels in the 
presynaptie terminal to open. 

2. Calcium ions diffuse into the presynaptie terminal, causing several 
synaptie vesieles to release aeetyleholine by exocytosis into the 
synaptie eleft. 

3. Aeetyleholine diffuses aeross the synaptie eleft and binds to 
aeetyleholine reeeptor sites on ligand-gated Na + ehannels in the 
postsynaptie membrane of the sareolemma, causing them to open. 

4. Sodium ions diffuse into the muscle fiber, causing a loeal 
depolarization that exceeds threshold and produces an aetion 
potential in the sareolemma. 

5. Aeetyleholine is rapidly degraded in the synaptie eleft to aeetie aeid 
and eholine by aeetyleholinesterase, thus limiting the length of 
time aeetyleholine ean stimulate the muscle fiber. 

6. The aetion potential produced in the sareolemma propagates into 
theTtubules, causing gated Ca 2+ ehannels of the membrane of the 
sareoplasmie reticulum to open. 

7. Calcium ions diffuse from the sareoplasmie reticulum into the 
sareoplasm and bind to troponin; the troponin-tropomyosin 
complex ehanges its position and exposes aetive sites on the aetin 
myofilaments. 

Contraction Phase 

8. Cross-bridges between aetin molecules and myosin molecules form, 
move, release, and re-form many times, causing aetin myofilaments 
to slide past myosin myofilaments; the sareomeres shorten. 

Relaxation Phase 

9. Calcium ions are aetively transported baek into the sareoplasmie 
reticulum. 

10. The troponin-tropomyosin complexes move to inhibit eross-bridge 
formation. 

11. The muscle fibers lengthen passively. 

^ * 


*Assuming that the proeess begins with a single aetion potential in the motor neuron. 
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Strength of Muscle eontraetìon 

Muscles eontraet in a graded fashion, which means that the strength 
of the eontraetions ean range from weak to strong. For example, the 
foree generated by muscles to lift a feather is much less than the foree 
required to lift a 25-pound weight. The foree of eontraetion ean be 
altered by the number of muscle fibers eontraeting, the frequency of 
muscle fiber eontraetions, and eonditions inside the eell. 

Multiple-Fiber Summation 

A motor unit eonsists of a single motor neuron and all of the muscle 
fibers it innervates (figure 8.13). Muscles are eomposed of many 
motor units, and the axons of the motor units eombine to form nerves 
that eonneet muscles to the spinal eord or brain. Thus, the nervous 
system eontrols the eontraetion of muscle fibers through motor units. 

The all-or-none prineiple of aetion potentials (see “Aetion 
Potentials,” p. 205) determines the response of motor neurons and 
muscle fibers to stimulation. If a motor neuron reeeives a threshold or 
stronger stimulus, an aetion potential propagates along its axon to all 
of its neuromuscular junctions where the aetion potential stimulates 
the release of aeetyleholine. The amount of aeetyleholine released 
normally is an above-threshold stimulus, and all of the muscle fibers 
of the motor unit eontraet. Thus, motor units are either “on” or “off.” 
If an aetion potential is produced in a motor neuron, all of the muscle 
fibers in the motor unit eontraet. If the motor neuron is not stimu- 
lated sufficiently to produce an aetion potential, none of the muscle 
fibers in the motor unit eontraet. 

A whole muscle eontraets with either a small foree or a large 
foree, depending on the number of motor units stimulated to 
eontraet by the nervous system. Contraction of a few motor units 
results in a weak foree, whereas eontraetion of many motor units 
produces a strong foree. This effeet is ealled multiple-fiber 
summation because, as more and more (multiple) motor units 
(muscle fibers) are stimulated, the foree of eontraetion inereases 
(sums). It is also ealled reemitment because the nervous system pro- 



jiinetion Myofibril 

Figure 8.13 Motor unit 

A motor unit eonsists of a single motor neuron and all the muscle fibers its 
branehes innervate. 


gressively enlists (reemits) the number of motor units to inerease the 
foree of eontraetion. 

Motor units in different muscles do not always eontain the 
same number of muscle fibers. Muscles performing delieate and 
preeise movements have motor units with a small number of mus- 
ele fibers, whereas muscles performing more powerful but less 
preeise eontraetions have motor units with many muscle fibers. For 
example, in very delieate muscles, such as those that move the eye, 
the number of muscle fibers per motor unit ean be less than 10, 
whereas, in the large muscles of the thigh, the number ean be sev- 
eral hundred. 

29 Define graded eontraetion and motor unit. 

30 How does the all-or-none prineiple of aetion potentials affeet the 
response of motor units and muscle fibers to stimulation? 

31 How does multiple-fiber summation result in graded muscle 
eontraetions? 


Prediet 



ln patients with poliomyelitis (pò lè-ó-mì'é-lì'tis), motor neurons are destroyed, 
causing loss of muscle function and even paralysis. Sometimes reeovery occurs 
because of the formation of axon branehes from the remaining motor neurons. 
These branehes innervate the paralyzed muscle fibers to produce motor units 
with many more muscle fibers than usual, resulting in the reeovery of muscle 
function. What effeet would this reinnervation of muscle fibers have on the 
degree of muscle eontrol in a person who has reeovered from poliomyelitis? 


Frequency Summation 

Stimulus frequency is the number of times a motor neuron is stimulated 
per seeond. When stimulus frequency is low, there is time for eontrae- 
tion and eomplete relaxation of muscle fibers between muscle twitches 
(figure 8.l4f). The aetion potential that stimulates eontraetion, how- 
ever, is eompleted long before the eontraetion phase is eompleted. An 
aetion potential occurs in 1—2 milliseeonds, and a skeletal muscle twitch 
ean take from 10 milliseeonds up to 100 milliseeonds (0.1 seeond). 

Frequency summation is the inereased foree of eontraetion of 
muscle fibers resulting from inereased frequency of stimulation. As 
stimulus frequency inereases, there is not enough time for muscle 
fibers to relax eompletely. Relaxation of muscle fibers, however, is not 
required before aetion potentials ean stimulate additional eontrae- 
tions. The foree of additional eontraetions ean be added to the foree 
generated by previous eontraetions, resulting in an overall inerease 
in foree of eontraetion (figure 8.14^). In ineomplete tetanus 
(tet'à-nus), the frequency of aetion potential production allows 
muscle fibers to only partially relax between eontraetions, producing 
a relatively steady foree of eontraetion (figure 8.l4c). In eomplete 
tetanus, aetion potentials are produced so rapidly that no relaxation 
occurs between eontraetions, resulting in a steady, maximal foree of 
eontraetion (figure 8.1 Ad). 

Frequency summation ean be explained by the effeet of the aetion 
potentials on Ca 2+ release from the sareoplasmie reticulum. The first 
aetion potential causes Ca 2+ release from the sareoplasmie reticulum, 
the Ca 2+ diffuse to the myofibrils, and eontraetion occurs. Relaxation 
begins as the Ca 2+ are pumped baek into the sareoplasmie reticulum. 
If the next aetion potential occurs before relaxation is eomplete, two 
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Figure 8.14 Frequency Summation 

(a) lndividual muscle twitches are produced because the stimuli are far enough apart to allow eomplete relaxation between eontraetions. (b) Frequency summation 
occurs when a stimulus causes a eontraetion before the muscle eompletely relaxes from a previous eontraetion. (e) In ineomplete tetanus there is partial relaxation 
between eontraetions and a somewhat steady foree is generated. (d) In eomplete tetanus there is no relaxation between eontraetions and a maximal, steady foree is 
produced. 


things happen. First, because not enough time has passed for all the 
Ca 2+ to reenter the sareoplasmie reticulum, Ca 2+ levels around the 
myofibrils remain elevated. Seeond, the next aetion potential causes 
the release of additional Ca 2+ from the sareoplasmie reticulum. 
Thus, the elevated Ca 2+ levels in the sareoplasm produce continued 
eontraetion of the muscle fiber. 

Frequency summation and multiple-fiber summation work 
together to produce eontraetions of different foree and smooth, 
steady movements. Normal movements do not resemble individual 
muscle twitches. As a result of inereased frequency of stimulation by 
the nervous system, motor units exhibit ineomplete or eomplete 
tetanus. As a result of reemitment by the nervous system, the 
number of motor units eontraeting ean gradually inerease, producing 
graded eontraetions. Muscles are eapable of eontraeting either slowly 
or rapidly, depending on the number of motor units stimulated and 
the rate at which that number inereases or deereases. Furthermore, 
asynchronous stimulation of motor units smooths out muscle eon- 
traetions. Instead of all the muscle fibers eontraeting at onee, some 
are eontraeting while others are relaxing. Smooth, slow movements 
result from an inereasing number of motor units eontraeting out of 
P h ase as muscles shorten, as well as from a deereasing number of 
motor units eontraeting out of phase as muscles lengthen. 

32 What is frequency summation and how does it result in inereased 
foree of eontraetion? 

33 Define ineomplete and completetetanus. 

34 Explain the role of Ca 2+ in frequency summation. 

35 How do frequency summation and multiple-fiber summation explain 
smooth, steady movements? 


Treppe 

Another example of a graded response is treppe (trep'eh, stairease), 
which occurs in muscle that has rested for a prolonged period (figure 
8.15). If the muscle is stimulated with a maximal stimulus at a low 
frequency, which allows eomplete relaxation between the stimuli, the 
eontraetion triggered by the seeond stimulus produces a slightly 
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Figure 8.15 Treppe 

When a rested muscle is stimulated repeatedly with maximal stimuli at a low 
frequency that allows eomplete relaxation between stimuli, the seeond 
eontraetion produces a slightly greater tension than the first, and the third 
eontraetion produces greater tension than the seeond. After a few eontraetions, 
the levels of tension produced by all eontraetions are equal. 

greater tension than the first. The eontraetion triggered by the third 
stimulus produces a eontraetion with a greater tension than the see- 
ond. After only a few stimuli, the levels of tension produced by all 
the eontraetions are equal. 

A possible explanation for treppe is an inerease in Ca 2+ levels 
around the myofibrils. The Ca 2+ released in response to the first 
stimulus is not taken up eompletely by the sareoplasmie reticulum 
before the seeond stimulus causes the release of additional Ca 2+ , 
even though the muscle eompletely relaxes between the muscle 
twitches. As a consequence, during the first few eontraetions of the 
muscle, the Ca 2+ eoneentration in the sareoplasm inereases slightly, 
making eontraetion more effieient because of the inereased number 
of Ca 2+ available to bind to troponin. Treppe aehieved during 
warm-up exercises ean contribute to improved muscle effieieney 
during athletie events. Faetors such as inereased blood flow to the 
muscle and inereased muscle temperature are involved as well. 
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Inereased muscle temperamre causes the enzymes responsible for 
muscle eontraetion to function at a more rapid rate. 

36 What is treppe? Explain the role of Ca 2+ in treppe. 


CASE STIIDY 


Organophosphate Poisoning 



John has a number of prize apple trees in his baekyard. To prevent 
them from beeoming infested with inseets, he sprayed them with an 
organophosphate inseetieide. He was in a rush to spray the trees 
before leaving town on vaeation, and he failed to pay attention to 
the safety precautions on the paekaging. He sprayed the trees with- 
out using any skin or respiratory proteetion. Soon he experienced 
severe stomaeh eramps, double vision, difficulty breathing, and 
spastie eontraetions of his skeletal muscles. His wife took John to the 
emergeney room, where he was diagnosed with organophosphate 
poisoning. While in the emergeney room, his physieian administered 
a drug, and soon many of John's symptoms subsided. 

Organophosphate inseetieides exert their effeets by binding to 
the enzyme aeetyleholinesterase within synaptie elefts, rendering it 
ineffeetive. Thus, the organophosphate poison and aeetyleholine 
"eompete" for the aeetyleholinesterase. As the organophosphate 
poison inereases in eoneentration, less aeetyleholinesterase is avail- 
able to degrade aeetyleholine. Organophosphate poisons affeet 
synapses in which aeetyleholine is the neurotransmitter, including 
skeletal muscle synapses and some smooth muscle synapses, such 
as in the walls of the stomaeh, intestines, and air passageways. 



Prediet 


Organophosphate inseetieides exert their effeets by binding to the 
enzyme aeetyleholinesterase within synaptie elefts, rendering it ineffee- 
tive. Use figures 8.8 and 8.15 to help answer the following questions: 

a. Explain the spastie eontraetions that occurred in John's skeletal muscles. 

b. Propose as many meehanisms as you ean by which a drug could 
counteract the effeets of organophosphate poisoning. 


Types of Mnsele eontraetions 

In isometrie (ì-sò-met'rik, equal distanee) eontraetions, the length 
of the muscle does not ehange, but the amount of tension inereases 
during the eontraetion proeess. isometrie eontraetions are responsi- 
ble for the eonstant length of the posmral muscles of the body, such 
as the muscles of the baek. In isotonie (i-sò-ton'ik, equal tension) 
eontraetions, the amount of tension produced by the muscle is eon- 
stant during eontraetion, but the length of the muscle ehanges. 
Movements of the upper limbs or fingers are predominantly isotonie 
eontraetions. Most muscle eontraetions are a eombination of isomet- 
rie and isotonie eontraetions in which the muscles shorten some 
distanee and the degree of tension inereases. 

Concentric (kon-sen'trik) eontraetions are isotonie eontrae- 
tions in which muscle tension inereases and the muscle shortens. For 
example, flexing the elbow while holding a weight in the hand results 
from eoneentrie eontraetions of arm muscles. Eeeentrie (ek-sen'trik) 


eontraetions are isotonie eontraetions in which tension is maintained 
as the muscle lengthens. For example, slowly lowering a weight held 
in the hand (extending the elbow) results from eeeentrie eontraetions 
of arm muscles. Thus, eoneentrie eontraetions shorten muscles, 
whereas eeeentrie eontraetions resist lengthening of muscles. 

"■* 

Muscle Soreness Resulting from Exercise 

Pain frequently develops after 1 or 2 days in muscles that are vigor- 
ously exercised, and the pain ean last for several days. The pain is 
more eommon in untrained people whoexercisevigorously. Eeeentrie 
eontraetions are of elinieal interest because repetitive eeeentrie eon- 
traetions, such as those seen in the lower limbs of people who run 
downhill for long distanees, cause more pain than eoneentrie eon- 
traetions. The pain produced appears to result from inflammation 
caused by damage to muscle fibers and eonneetive tissue. Exercise 
schedules that alternate exercise with periods of rest, such as lifting 
weights every other day, provide time for the repair of muscle tissue. 



Muscle tone is the eonstant tension produced by muscles of the 
body over long periods of time. Muscle tone is responsible for keeping 
the baek and legs straight, the head in an upright position, and the abdo- 
men from bulging. Muscle tone depends on a small pereentage of the 
motor units in a muscle being stimulated at any point in time and out 
of phase with one another. The stimulation of the motor-units results in 
ineomplete or eomplete tetanus, and not single muscle twitches. 

37 Define isometrie, isotonie, eoneentrie, and eeeentrie eontraetions. 

38 What is muscle tone, and how is it maintained? 


Prediet 



What types of muscle movements occur when a weightlifter lifts a weight 
above the head and then holds it there before lowering it? 


Length Versus Tension 

The number of eross-bridges formed during eontraetion determines 
the foree of eontraetion. Just as many people pulling on a rope gener- 
ates more foree than a few people pulling, the foree of eontraetion of a 
muscle inereases with the number of eross-bridges formed. The num- 
ber of eross-bridges that ean form depends on the length of the muscle 
when it is stimulated to eontraet. Muscle length determines sareomere 
length, which determines the amount of overlap between aetin and 
myosin myofilaments. If a muscle is stretehed to its optimum length, 
optimal overlap of the aetin and myosin myofilaments takes plaee. 
When the muscle is stimulated, maximal eross-bridge formation 
results in maximal eontraetion (figure 8.16). If a muscle is stretehed so 
that the aetin and myosin myofilaments within the sareomeres do not 
overlap or overlap to a very small extent, the muscle produces very 
little aetive tension when it is stimulated because few eross-bridges 
form. Also, if the muscle is not stretehed at all, the myosin myofila- 
ments touch eaeh of the Z disks in eaeh sareomere, and very little 
eontraetion of the sareomeres ean occur. 
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At the normal resting length 
of a muscle, the sareomeres 
are also at an optimal length. 
The muscle produces 
maximum tension in response 
to a maximal stimulus at this 
length. 


Optimal sareomere length 




Muscle length 1 



▼ 

Muscle length 2 




Muscle length 3 





At muscle/sarcomere length 1, the 
muscle is not stretehed, and the tension 
produced when the muscle eontraets is 
small because there is too much overlap 
between aetin and myosin myofilaments. 
The myosin myofilaments run into the 
Z disks, and the aetin myofilaments 
interfere with eaeh other at the eenter of 
the sareomere, reducing the number of 
eross-bridges that ean form. 



At muscle/sarcomere length 2, the 
muscle is optimally stretehed, and the 
tension produced when the muscle 
eontraets is maximal because there is 
optimal overlap of aetin and myosin 
myofilaments, so the number of eross- 
bridges that ean form is maximal. 



At muscle/sarcomere length 3, the muscle 
is stretehed severely, and the tension 
produced when the muscle eontraets is 
small because there is little overlap 
between aetin and myosin myofilaments, 
and few eross-bridges ean form. 


Figure 8.16 Muscle Length and Tension 

The length of a muscle before it is stimulated influences the foree of eontraetion of the muscle. As the muscle ehanges length, the sareomeres also ehange length. 



Weight Lifters and Miisele Length 

Weight lifters and others who lift heavy objeets usually assume 
positions so that their muscles are stretehed elose to their optimum 
length before lifting. For example, the position a weight lifter 
assumes before power lifting stretehes the upper limb and lower 
limb muscles to a near-optimum length for muscle eontraetion, and 
the stanee a lineman assumes in a football game stretehes most 
muscle groups in the lower limbs so they are near their optimum 
length for suddenly moving the body forward. 


39 What effeet does muscle length have on the foree of eontraetion of a 
muscle? Explain how this occurs. 


Fatigue 

Fatigue (fà-tég') is the deereased eapaeity to do work and the 
reduced effieieney of performanee that normally follows a period of 
aetivity. Psyehologie fatigue involves the eentral nervous system and 
is the most eommon type of fatigue. The muscles are eapable of 
ffinetioning, but the individual “pereeives” that additional muscular 
work is not possible. A determined burst of aetivity in a tired athlete 
in response to pressure from a eompetitor is an example of how psy- 
ehologie fatigue ean be overeome. 

Muscular fatigue is a reduced or absent ability of muscle fibers to 
respond to stimuli. Although many faetors may be involved with mus- 
cular fatigue, the main problem appears to be excitation-contraction 
uncoupling. When Ca 2+ levels signifieantly inerease in a eontraeting 
muscle fiber, it somehow inhibits the ability of T tubule voltage sensors 
to cause terminal eisternae Ca 2+ release ehannels to open. Thus, the 
muscle fiber beeomes less sensitive to stimulation. 
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As a resiilt of extreme muscular fatigue, muscles oeeasionally 
beeome ineapable of either eontraeting or relaxing—a eondition 
ealled physiologie contracture (kon-trak'ehoor). When ATP levels 
are very low, aetive transport of Ca 2+ into the sareoplasmie reticulum 
slows and Ca 2+ accumulate within the sareoplasm. The Ca 2+ bind to 
troponin, which promotes the formation of eross-bridges and eon- 
traetion. With inadequate ATP, eross-bridge release does not occur, 
preventing relaxation. 

Rigor Mortis 

Rigor mortis (rig'er mór'tís), the development of rigid muscles 
several hours after death, is similar to physiologie contracture. ATP 
production stops shortly after death, and ATP levels within muscle 
fìbers deeline. Because of low ATP levels, aetive transport of Ca 2+ into 
the sareoplasmie reticulum stops, and Ca 2+ leakfrom the sareoplasmie 
reticulum into the sareoplasm. Calcium ions ean also leak from the 
sareoplasmie reticulum as a result of the breakdown of the sareoplas- 
mie reticulum membrane after eell death. As Ca 2+ levels inerease in 
the sareoplasm, eross-bridges form. Without ATP, eross-bridges do not 
release, and the muscles remain stiff until tissue degeneration occurs. 


40 Deseribe two types of fatigue. What isthe main cause of muscular 
fatigue? 

41 Define and explain the cause of physiologie contracture. 

Energy for Muscle eontraetíon 

ATP is the immediate source of energy for muscle eontraetions, and 
ATP must be synthesized continuously to sustain muscle eontrae- 
tions. ATP eomes from three sources: (1) ereatine phosphate, (2) 
anaerobie glyeolysis, and (3) aerobie respiration. Only the main 
points of anaerobie glyeolysis and aerobie respiration are eonsidered 
here (a more detailed discussion ean be found in ehapter 22). 

During resting eonditions, ATP produced by aerobie respiration 
is used to synthesize ereatine (kré'à-tén, kré'à-tin) phosphate. 
Oreatine phosphate accumulates in muscle fibers and stores energy, 
which ean be used to synthesize ATP. As ATP levels begin to fall, 
ADP reaets with ereatine phosphate to produce ATP and ereatine 
(figure 8.17 a). 

ADP + Creatine phosphate -► Creatine + ATP 

Anaerobie (an-àr-ò'bik, life without air) glyeolysis does not 
require oxygen, but it ean take plaee when oxygen is present. 


Creatine 

phosphate 

T- 




(a) ereatine phosphate 

Energy source: ereatine phosphate 
Oxygen required: no 
ATP yield: 1 per ereatine phosphate 
Duration: up to 10 seeonds 




->( 2 ATP 

v - 



(b) Anaerobie glyeolysis 

Energy source: glucose 
Oxygen required: no 
ATP yield: 2 per glucose molecule 
Duration: up to 3 minutes 


(e) Aerobie respiration 

Energy source: glucose, laetie aeid, fatty aeids, amino aeids 

Oxygen required: yes 

ATP yield: up to 36 per glucose molecule 

Duration: hours 


Figlire 8.17 Energy Sources During Exercise 
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Anaerobie glyeolysis is the breakdown of glucose to yield ATP and 
laetie aeid (figure 8.17^). Through a series of ehemieal reaetions, 
glucose in the eytosol (see ehapter 3) of eells is eonverted into two 
pyrnvie aeid molecules, yielding two ATP molecules in the proeess. 
The pyrnvie aeid is then eonverted to laetie aeid. Anaerobie glyeolysis 
ean rapidly use many glucose molecules to produce ATP. 

Aerobie (àr-ò'bik, life with air) respiration, or oxidative 
metabolism, requires oxygen and breaks down glucose to produce 
ATP, earbon dioxide, and water. Aerobie respiration begins with the 
breakdown of glucose to two pyruvic aeid molecules (figure 8.17c), 
which enter mitoehondria. Two elosely coupled sequences of reae- 
tions in mitoehondria, ealled the eitrie aeid eyele and the eleetron- 
transport ehain, produce many ATP molecules (see ehapter 22). 
Carbon dioxide molecules are produced and, in the last step, oxygen 
atoms eombine with hydrogen atoms to form water. The following 
equation represents the aerobie respiration of one molecule of 
glucose in skeletal muscle: 

Glucose + 6 O 2 + 36 ADP + 36 P 
6 C0 2 + 6 H 2 0 + About 36 ATP 

Aerobie respiration is slower, but more effieient than anaerobie 
glyeolysis, producing more ATP molecules per glucose molecule. In 
addition, aerobie respiration ean use a greater variety of molecules as 
energy sources, such as fatty aeids and amino aeids (see figure 8.17r). 
Fatty aeids are a more important energy source than glucose for skel- 
etal muscle fibers. Laetie aeid produced by anaerobie glyeolysis ean 
be eonverted baek to pyrnvie aeid and used in aerobie respiration. 

Resting muscles depend primarily on aerobie respiration for 
ATP synthesis, but even resting muscles produce small amounts of 
ATP and laetie aeid through anaerobie glyeolysis. When exercise 
begins, the breakdown of ereatine phosphate and then inereased 
anaerobie glyeolysis rapidly provide the ATP need for eontrae- 
tions. As cardiovascular and respiratory adjustments inerease oxy- 
gen delivery to muscle fibers, aerobie respiration produces the ATP 
needed to sustain exercise. Thus, ereatine phosphate and anaerobie 
glyeolysis respond to the immediate need for ATP and ean support 
short-term, intense muscle aetivity, such as occurs during weight lift- 
ing and sprinting. Anaerobie glyeolysis and aerobie respiration both 
occur during intermediate aetivities, such as the 800 meter dash, 
whereas primarily aerobie respiration supports steady levels of exer- 
eise, such as long-distanee rnnning or other endurance aetivities. 

The ability to produce ATP is limited. Creatine phosphate stores 
are exhausted within 20 seeonds of the onset of maximal exercise, 
and anaerobie glyeolysis is limited by deereased glucose levels and a 
buildup of laetie aeid. Aerobie respiration ean produce ATP for long 
periods, but is limited by oxygen and nutrient delivery by the blood. 
When the need for ATP is exceeded by the ability to produce ATP 
through anaerobie glyeolysis and aerobie respiration, eontraetions 
deerease in strength or exercise slows or stops. 

Glyeogen is a glucose storage molecule (see ehapter 2) within 
muscle fibers. At the beginning of exercise, glucose is supplied from 
the breakdown of glyeogen and from the blood. The glucose is 
eonverted to pyrnvie aeid, which is used in anaerobie glyeolysis and 
aerobie respiration. As a result of anaerobie glyeolysis, laetie aeid 
levels inerease, and laetie aeid diffiises out of muscle fibers. 
Anaerobie glyeolysis ean proeeed longer because of the removal of 
the laetie aeid. 


The laetie aeid released from muscle fibers ean be used by other 
muscle fibers as a source of energy, that is, the laetie aeid is eonverted 
to pyrnvie aeid and used in aerobie respiration. For example, glyeo- 
lytie muscle fibers release laetie aeid that is used by nearby oxidative 
muscle fibers (see “Types of Skeletal Muscle Fibers,” p. 218). Laetie 
aeid that diffiises into the blood is used by eardiae muscle and distant 
skeletal muscle. 

The laetie aeid released from muscle fibers into the blood ean 
also be eonverted into glucose. The liver removes laetie aeid from the 
blood and through a series of ehemieal reaetions eonverts it into 
glucose. The glucose is released into the blood and transported to 
other eells, including skeletal muscle fibers, which use the glucose as 
a source of energy. 

42 Deseribe the production of ATP by ereatine phosphate, anaerobie 
glyeolysis, and aerobie respiration. Which produces the most ATP? 

43 What are the sources of ATP for short-term, intense exercise versus 
long-term exercise? 

44 What limits the production of ATP? 

45 What happens to the laetie aeid released from skeletal muscle fibers? 

Oxygen Consumption After Exercise 

There is a lag time between when exercise begins and when an indi- 
vidual begins to breathe more heavily because of the exercise. After 
exercise stops, there is a lag time before breathing returns to preexer- 
eise levels. The lag in oxygen consumption relative to inereased aetiv- 
ity at the beginning of exercise ereates an oxygen debt, which is 
repaid after exercise eeases. It was onee hypothesized that the u extra” 
oxygen consumed after exercise is used in aerobie respiration to gen- 
erate ATP that is used to reverse the effeets of anaerobie proeesses. 
For example, the oxygen debt restores ereatine phosphate levels and 
removes laetie aeid. It is now known that this explanation is not 
eomplete. In reeognition of the many known and unknown faetors 
affeeting oxygen consumption following exercise, some authorities 
now use the term excess post-exercise oxygen consumption 
(EPOC) instead of oxygen debt (or defieit). 

The duration of EPOC is dependent on the individuafs physieal 
eonditioning and on the length and intensity of the exercise session. It 
ean last from a few minutes to many hours. Faetors that initially eon- 
tribute to EPOC include synthesizing ATP and ereatine phosphate 
and removing laetie aeid (the oxygen debt hypothesis). It also involves 
remrning oxygen levels in the lungs, blood, and muscles to resting 
levels and the effeets of elevated body temperature, circulation, and 
ventilation. Faetors responsible for the prolonged part of EPOC are 
not eompletely understood, but fat metabolism plays a substantial role. 
During exercise, fatty aeids are released from adipose tissue and used as 
a source of energy in aerobie respiration. In reeovery, fatty aeids are 
taken up by adipose tissue and eonverted to triglyeerides, a proeess that 
requires ATP. In addition, following prolonged exercise, there is a shift 
from earbohydrate to fat metabolism. Slightly more oxygen is required 
to extract the same amount of energy from fats as from earbohydrates. 
The synthesis of proteins may also contribute to EPOC. 

46 Define oxygen debt and excess post-exercise oxygen consumption. 

List the faetors that contribute to them. 
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Prediet 



Erie is a highly trained cross-country runner and his brother, John, is a computer 
programmer who almost never exercises. While the two brothers were working 
on a remodeling projeet in the basement of their house, the doorbell upstairs 
rang: A paekage they were both very excited about was being delivered.They 
raeed eaeh other up the stairs to the front door to see which one would get the 
paekage first. When they reaehed the front door, both were breathing heavily. 
However, John continued to breathe heavily for several minutes while Erie was 
opening the paekage. Explain why John continued to breathe heavily longer 
than Erie, even though they both had run the same distanee. 


Heat Production 

The rate of metabolism in skeletal muscle differs before, during, and 
after exercise. As ehemieal reaetions occur within eells, some energy is 
released in the form of heat. Normal body temperature results in large 
part from this heat. Because the rate of ehemieal reaetions inereases in 
muscle fibers during eontraetion, the rate of heat production also 
inereases, causing an inerease in body temperature. After exercise, 
elevated metabolism resulting from reeovery oxygen consumption 
helps keep the body temperature elevated. If the body temperature 
inereases as a result of inereased eontraetion of skeletal muscle, vaso- 
dilation of blood vessels in the skin and sweating speed heat loss and 
keep body temperature within its normal range (see ehapter 22). 

When body temperamre deelines below a eertain level, the nervous 
system responds by inducing shivering, which involves rapid skeletal 
muscle eontraetions that produce shaking rather than eoordinated move- 
ments. The muscle movement inereases heat production up to 18 times 
that of resting levels, and the heat produced during shivering ean exceed 
that produced during moderate exercise. The elevated heat production 
during shivering helps raise body temperamre to its normal range. 

47 How do muscles contribute to the heat responsible for body temperature 
before, during, and after exercise? What is aeeomplished by shivering? 


8.7 Types of Skeletal 

Muscle Fibers 

There are three major types of skeletal muscle fibers: slow-twitch oxi- 
dative (SO) fibers, fast-twitch glyeolytie (FG) fibers, and fast-twitch 
oxidative glyeolytie (FOG) fibers. Many other names have been used 
for these fibers (table 8.3). Skeletal muscle fiber types ean be deseribed 
by their speed of eontraetion, fatigue resistanee, and fiinetions. 

Speed of eontraetìon 

The speed at which ATP is broken down on myosin heads affeets the 
speed of eross-bridge eyeling, which affeets the speed of eontraetion. 
The speed at which ATP is broken down is determined by different 
types of ATPases on the myosin heads. Fast-twitch fibers have ATPases 
that break down ATP relatively rapidly, resulting in fast eontraetions, 
whereas slow-twitch fibers have an ATPase that breaks down ATP rela- 
tively slowly, resulting in slow eontraetions. In general, fast-twitch 
fibers eontraet approximately twice as fast as slow-twitch fibers. Within 
the fast-twitch group, FG fibers eontraet faster than FOG fibers. 


Prediet 



Slow-twitch fibers relax more slowly than do fast-twitch fibers. Propose an 
explanation for the different relaxation speeds. 


Fatigue Resistanee 

Fatigue-resistant fibers are able to eontraet for prolonged periods, 
whereas fatigable fibers eannot. Slow-twitch oxidative fibers are the 
most fatigue-resistant because they ean produce many ATP to sup- 
port muscle eontraetion. The term oxidative means that oxygen is 
required, and SO fibers rely upon aerobie respiration (oxidative 
metabolism) to generate ATP. In support of aerobie respiration, SO 
fibers have many mitoehondria and many eapillaries, which take 


Table 8.3 


eharaeteristies of Skeletal Muscle Fiber Types 



Slow-Twitch 

Oxidative (SO) Fibers 

Fast-Twitch Oxidative 
Glyeolytie (FOG) Fibers 

Fast-Twitch 

Glyeolytie (FG) Fibers 

Myosin ATPase Aetivity 

Slow 

Fast 

Fast 

Metabolism 

High aerobie eapaeity 

Low anaerobie eapaeity 

Intermediate aerobie eapaeity 

High anaerobie eapaeity 

Low aerobie eapaeity 

Highest anaerobie eapaeity 

Fatigue Resistanee 

High 

Intermediate 

Low 

Mitoehondria 

Many 

Many 

Few 

Capillaries 

Many 

Many 

Few 

Myoglobin Content 

High 

High 

Low 

Glyeogen Concentration 

Low 

High 

High 

Loeation Where Fibers 

Are Most Abundant 

Generally in postural muscles and 
more in lower limbs than upper limbs 

Generally predominate in lower 
limbs 

Generally predominate in upper 
limbs 

Functions 

Maintenanee of posture and performanee 
in endurance aetivities 

Endurance aetivities in endurance- 
trained muscles 

Rapid, intense movements 
of short duration 

Other Names 

Type 1 fibers, slow fibers, red fibers 

Type lla fibers, fast fibers (fatigue 
resistant), red fibers 

Type llb fibers, fast fibers 
(fatigable), white fibers 
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Diiehenne muscular dystrophy 
(DMD) is usually identified in ehildren 
around 3 years of age when their parents 
notiee slow motor development with pro- 
gressive weakness and muscle atrophy. 
Typieally, muscular weakness begins in the 
hip muscles, which causes a waddling gait. 
Temporary enlargement of the ealf muscles 
is apparent in 80% of eases. The enlarge- 
ment is paradoxical because the muscle 
fibers are actually getting smaller, but there 
is an inerease in fìbrous eonneetive tissue 
and adipose tissue between the rrmsele 
fibers. Wasting of the muscles with replaee- 
ment by eonneetive tissue results in short- 
ened, inflexible muscles ealled contractures. 

i_ 


Diiehenne Muscular Dystrophy 

The contractures limit movements and ean 
cause severe deformities of the skeleton. 
People with DMD are usually unable to walk 
by 10-12 years of age, and few live beyond 
age 20. 

Mutations in the dystrophin (dis-tró'-fìn) 
(DMD) gene are responsible for Duchenne 
muscular dystrophy. The dystrophin gene is 
responsible for producing a protein ealled 
dystrophin. Dystrophin plays a role in 
attaehing aetin myofìlaments of myofìbrils 
to, and regulating the aetivity of, other pro- 
teins in the sareolemma. Dystrophin is 
thought to proteet muscle fibers against 
meehanieal stress in a normal individual. In 
DMD, part of the dystrophin gene is missing, 



and the protein it produces is nonfunctional, 
resulting in progressive muscular weakness 
and muscle contractures. DMD is an X-linked 
reeessive disorder (see ehapter 25). Thus, 
although the gene is earried by females, 
DMD affeets males almost exclusively.There 
are other types of muscular dystrophies that 
are less severe than DMD. Most of these are 
also inherited eonditions, and all are eharae- 
terized by degeneration of muscle fibers, 
leading to atrophy and replaeement by eon- 
neetive tissues. 


Mc 

Graw 
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blood with oxygen to the miisele fibers. They also eontain large 
amounts of a dark pigment ealled myoglobin (ml-ò-glò'bin), which 
binds oxygen and aets as a muscle reservoir for oxygen when the 
blood does not supply an adequate amount. Myoglobin thus 
enhanees the eapaeity of the muscle fibers to perform aerobie respira- 
tion. A muscle with predominately SO fibers appears red because of 
the myoglobin and rieh blood supply. 

Fast-twitch glyeolytie fibers are the most fatigable fibers because 
they produce few ATP. The term glyeolytie refers to anaerobie glyeoly- 
sis (see figure 8.17^), which produces ATP without oxygen. In sup- 
port of anaerobie glyeolysis, FG fibers have a high eoneentration of 
glyeogen, from which glucose ean be derived. FG fibers have few 
mitoehondria, few eapillaries, and little myoglobin. Consequently, a 
muscle with predominately FG fibers appears white. 

Fast-twitch oxidative glyeolytie fibers have fatigue resistanee 
intermediate between SO and FG fibers, deriving ATP from oxida- 
tive and glyeolytie proeesses. Compared to FG fibers, FOG fibers 
have more mitoehondria, eapillaries, and myoglobin. Compared 
with SO fibers, FOG fibers have more glyeogen (see table 8.3). 


Prediet 



Chickens ean fly for only a few seeonds, but they ean stand and walk about all 
day. Explain. 


exercise intensities, primarily SO fibers are reemited. As exercise 
intensity inereases, reemitment of SO fibers continues and there is 
progressively inereased reemitment of FOG fibers and then FG fibers. 

Fiumans exhibit no elear separation of slow-twitch and fast- 
twitch muscle fibers in individual muscles. Most muscles have both 
types of fibers, although the number of eaeh type varies in a given 
muscle. The large postural muscles eontain more slow-twitch fibers, 
whereas muscles of the upper limb eontain more fast-twitch fibers. 
People who are good long-distanee mnners have a higher pereentage 
of slow-twitch fibers, whereas good sprinters have a greater pereent- 
age of fast-twitch muscle fibers in their lower limbs. Athletes who 
are able to perform a variety of aerobie and anaerobie exercises tend 
to have a more balaneed mixture of slow-twitch and fast-twitch 
muscle fibers. 

The distribution of slow-twitch and fast-twitch muscle fibers in 
a given muscle is fairly eonstant for eaeh individual and apparently is 
established developmentally. SO fibers are not eonverted to FG or 
FOG fibers, and viee versa. Aerobie exercise training, however, ean 
eonvert FG fibers to FOG fibers, resulting in inereased endurance. 

48 Name the three major types of skeletal muscle fibers. Deseribe the 
faetors responsible for the speed of eontraetion and fatigue 
resistanee of eaeh fiber type. 

49 Explain the functions for which eaeh fiber type is best adapted and 
how they are distributed in human muscles. 


Functions 

Skeletal muscle fibers are speeialized to perform a variety of tasks. SO 
fibers are well suited for maintaining posture and prolonged exercise 
because of their ability to produce ATP through aerobie respiration. 
FG fibers produce rapid, powerful eontraetions of short duration. 
They readily fatigue because of their relianee on anaerobie glyeolysis. 
FOG fibers ean support moderate-intensity endurance exercises 
because of their oxidative and glyeolytie eapabilities. During low 


8.8 Miiseiilar Hypertrophy 

and Atrophy 

Muscular hypertrophy (hl-per'trò-fé) is an inerease in the size of a 
muscle. During most of a person’s life, hypertrophy of skeletal muscle 
results from ehanges in the size of muscle fibers because the number 
of muscle fibers is relatively eonstant. Muscles hypertrophy and 

















220 


ehapter 8 


inerease in strength and endurance in response to exercise. As fibers 
inerease in size, the number of myofibrils and sareomeres inereases 
within eaeh muscle fiber. The number of nuclei in eaeh muscle fiber 
inereases in response to exercise, but the nuclei of muscle fibers ean- 
not divide. New nuclei are added to muscle fibers by small stem eells 
ealled satellite eells because they are loeated around the skeletal 
muscle fibers. Tbe satellite eells inerease in number in response to 
exercise and then fuse with the skeletal muscle fibers. Tbe nuclei 
direet the synthesis of the myofibrils. Other elements, such as blood 
vessels, eonneetive tissue, and mitoehondria, also inerease in response 
to exercise. 

Aerobie exercise inereases the vascularity of muscle and causes an 
enlargement of slow-twitch muscle fibers. Intense exercise resulting 
in anaerobie glyeolysis, such as weight lifting, inereases muscular 
strength and mass and results in an enlargement of fast-twitch mus- 
ele fibers more than slow-twitch muscle fibers. 

The inereased strength of trained muscle is greater than would 
be expected if that strength were based only on the ehange in muscle 
size. Part of the inerease in strength results from the ability of the 
nervous system to recruit a large number of motor units simultaneously 
in a trained person to perform movements with better neuromuscular 
eoordination. In addition, trained muscles usually are restrieted less 
by excess fat. Metabolie enzymes inerease in hypertrophied muscle 
fibers, resulting in a greater eapaeity for nutrient uptake and ATP 
production. Improved endurance in trained muscles is in part a result 
of improved metabolism, inereased circulation to the exercising 
rmiseles, inereased numbers of eapillaries, more effieient respiration, 
and a greater eapaeity for the heart to pump blood. 

§ 

Anabolie Steroids 

Anabolie steroids (an-à-bofik ster'oydz) are synthetie hormones 
related to testosterone, a reproductive hormone seereted by the 
testes. Anabolie steroids have been altered so that their reproductive 
effeets are minimized but their effeet on skeletal muscles is main- 
tained. They inerease muscle size and strength, but not muscle 
endurance. Some athletes have taken large doses of anabolie ste- 
roids to improve their athletie performanee. Harmful side effeets are 
assoeiated with taking anabolie steroids, however, such as periods of 
irritability, aene, testicular atrophy and sterility, heart attaek, stroke, 
and abnormal liver function. Most athletie organizations prohibit the 
use of anabolie steroids. 


muscle fimetion is restored, and atrophy is stopped. If skeletal 
muscle is permanently denervated, however, it atrophies and exhib- 
its permanent flaeeid paralysis. Eventually, muscle fibers are 
replaeed by eonneetive tissue, and the eondition eannot be 
reversed. Muscle also atrophies with age (see “Effeets of Aging on 
Skeletal Muscle,” next seetion). 

50 What faetors contribute to an inerease in muscle size, strength, and 
endurance? 

51 How does aerobie versus anaerobie exercise affeet muscles? 


Predìet 



Susan reeently began raeing her bieyele. Her training eonsists entirely of long 
rides on her bieyele at a steady paee. When she entered her first raee, she was 
excited to find that she was able to keep paee with the rest of the riders. How- 
ever, at the final sprint to the finish line, the other riders left her in their dust, 
and she finished in last plaee. Why was she unable to keep paee during the fin- 
ishing sprint? As her eoaeh, what adviee would you give Susan about her train- 
ing to prepare her better for her next raee? 


8.9 Effeets of Aging on 

Skeletal Muscle 

Several ehanges occur in aging skeletal muscle that reduce muscle mass, 
reduce stamina, and inerease reeovery time from exercise. There is a 
loss of muscle fibers as aging occurs, and the loss begins as early as 25 
years of age. By 80 years of age, 50% of the muscle mass is gone, and 
this is due mainly to the loss of muscle fibers. In addition, fast-twitch 
muscle fibers deerease in number more rapidly than slow-twitch fibers. 
Most of the loss of strength and speed is due to the loss of fast-twitch 
muscle fibers. Weight-lifting exercises help slow the loss of muscle 
mass, but they do not prevent the loss of muscle fibers. Aging is assoei- 
ated with a deerease in the density of eapillaries in skeletal muscles, and 
after exercise a longer period of time is required to reeover. 

Many of the age-related ehanges in skeletal muscle ean be dramati- 
eally slowed if people remain physieally aetive. As many people age, they 
assume a sedentary lifestyle. Age-related ehanges develop more rapidly in 
these people. It has been demonstrated that elderly people who are sed- 
entary ean beeome stronger and more mobile in response to exercise. 

52 Deseribe the ehanges in muscle that occur with aging. 


Muscular atrophy (at'rò-fé) is a deerease in muscle size. 
Individual muscle fibers deerease in size, and a progressive loss of 
myofibrils occurs. Disuse atrophy is muscular atrophy that results 
from a laek of muscle use. People with limbs in easts, bedridden 
people, and those who are inaetive for other reasons experience 
disuse atrophy in the unused muscles. Disuse atrophy ean be 
reversed by exercise. Extreme disuse of a muscle, however, results in 
permanent loss of muscle fibers. Denervation (dé-ner-và'shiln) 
atrophy results when nerves that supply skeletal muscles are sev- 
ered. When motor neurons innervating skeletal muscle fibers are 
severed, the result is flaeeid paralysis. If the muscle is reinnervated, 


8.10 Smooth Muscle apir 

Smooth muscle is distributed widely throughout the body and is 
more variable in fianetion than skeletal and eardiae muscle (see 
table 8.1). 

Types of Smooth Muscle 

The two types of smooth muscle are viseeral and multiunit smooth 
muscle. Viseeral (vis'er-àl) smooth muscle is loeated in the walls of 
most viseera (organs) of the body, including the digestive, reproduc- 
tive, and urinary traets. Viseeral smooth muscle occurs in sheets and 
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has numerous gap junctions (see ehapter 4), which allow aetion 
potentials to pass direetly from one eell to another. As a eonse- 
quence, sheets of smooth muscle eells function as a unit, and a wave 
of eontraetion traverses the entire smooth muscle sheet. For this 
reason, viseeral smooth muscle is also ealled single-unit smooth 
muscle or unitary smooth muscle. 

Multiunit smooth muscle occurs as sheets, such as in the walls 
of blood vessels; as small bundles, such as in the arreetor pili muscles 
and the iris of the eye; and as single eells, such as in the capsule of 
the spleen. Cells or groups of eells form many (multi) units that 
function independently of eaeh other because there are few gap junc- 
tions eonneeting the eells. 

53 Where are viseeral and miiltiiinit smooth muscle loeated? How do 
gap junctions explain the differenee in eontraetion between these 
types of smooth muscle? 

Regulation of Smooth 
Muscle eontraetion 

Contraction of smooth muscle is involuntary. Multiunit smooth 
muscle usually eontraets only when externally stimulated by nerves, 
hormones, or various substances. Viseeral smooth muscle eontrae- 
tion ean be autorhythmic or result from external stimulation. The 
resting membrane potential of autorhythmic smooth muscle eells 
fluctuates between slow depolarization and repolarization phases. As 
a result, smooth muscle eells ean periodieally and spontaneously 
generate aetion potentials that cause the smooth muscle eells to eon- 
traet. For example, viseeral smooth muscles of the digestive traet 
eontraet spontaneously and at relatively regular intervals, which 
mixes and moves the eontents of the traet. 

The autonomic nervous system (ANS) ean stimulate or inhibit 
smooth muscle eontraetion (see ehapter 13). For example, feees 
move out of the intestinal traet when the ANS causes smooth 
muscle of the rectum to eontraet and smooth muscle of the internal 
anal sphineter to relax. 

Viseeral smooth muscle has a different arrangement between 
neurons and smooth muscle fibers than does skeletal muscle. Instead 
of axon branehes ending as presynaptie terminals supplying individ- 
ual skeletal muscle fibers, the branehes of axons supplying smooth 
muscle are a short distanee from groups of smooth muscle eells. Eaeh 
axon braneh has many dilations ealled varieosities, eaeh eontaining 
vesieles with neurotransmitters. Aetion potentials cause the vesieles 
to release neurotransmitters from the varieosities, and the neu- 
rotransmitters diffuse to several smooth muscle eells. Neurons release 
either aeetyleholine or norepinephrine. When there are many layers 
of smooth muscle eells, axons may supply only the outer layer of 
eells. Aetion potentials produced in the outer layer are conducted 
through gap junctions to eells of the inner layer. 

Multiunit smooth muscle has synapses more like those found in 
skeletal muscle tissue, and there is greater eontrol over individual 
smooth muscle eells. 

Fiormones are also important in regulating smooth muscle. For 
example, epinephrine, a hormone from the adrenal gland, helps 
regulate blood flow by ehanging the diameter of blood vessels. 
During exercise, epinephrine reduces blood flow to the stomaeh by 
stimulating the eontraetion of smooth muscle in stomaeh blood ves- 


sels and inereases blood flow to skeletal muscles by deereasing 
smooth muscle eontraetion in skeletal muscle blood vessels. 

The response of speeifie smooth muscle types to neurotransmit- 
ters, hormones, and other substances is presented in later ehapters. 

54 List the ways in which multiunit and viseeral smooth muscle are 
regulated. 

55 How are autorhythmic eontraetions produced in smooth muscle? 

56 What effeet does the ANS have on smooth muscle eontraetion? 

57 Deseribe the nerve supply to viseeral and multiunit smooth muscle. 

How does this affeet the eontrol of groups of smooth muscle eells 
versus individual smooth muscle eells? 

Structure of Smooth Muscle 

Smooth muscle eells are smaller than skeletal muscle eells and spindle- 
shaped, with a single nucleus loeated in the middle of the eell (see 
table 8.1). The aetin and myosin myofilaments are not organized as 
sareomeres. Consequently, there are no myofibrils, and smooth muscle 
does not have a striated appearanee. The aetin and myosin myofilaments 
in smooth muscle are organized as loose bundles seattered throughout 
the eell (figure 8.18). The aetin myofilaments are attaehed to dense 
bodies in the eytoplasm and to dense areas in the plasma membrane. 
Dense bodies and dense areas are eonsidered to be equivalent to the 
Z disks in skeletal muscle. Noneontraetile intermediate filaments also 
attaeh to the dense bodies and dense areas, forming an intracellular 
eytoskeleton. When aetin myofilaments slide past the myosin myofila- 
ments, the dense bodies and dense areas are pulled eloser together, 
resulting in eontraetion of the smooth muscle eell (see figure 8.18). 
The dense areas of adjaeent smooth muscle eells are eonneeted so that 
the foree of eontraetion is transmitted from one eell to the next. 


Aetin 



Figlire 8.18 Aetin and Myosin Myofilaments in a Smooth 

Muscle Cell 

Bundles of eontraetile myofilaments eontaining aetin and myosin are anehored 
at one end to dense areas in the plasma membrane and at the other end, 
through dense bodies, to intermediate filaments.The eontraetile myofilaments 
are oriented with the long axis of the eell; when aetin and myosin slide over one 
another during eontraetion, the eell shortens. 
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Smooth muscle eells do not have T tubules, and most have less 
sareoplasmie reticulum for storing Ca 2+ than does skeletal muscle. 
Nor do smooth muscle eells have troponin. 

The plasma membrane of smooth muscle has Ca 2+ ehannels and 
Ca 2+ pumps. When the Ca 2+ ehannels open, Ca 2+ diffuse into the 
eell because there is a higher eoneentration of Ca 2+ outside of eells 
than inside. The Ca 2+ ehannels open in response to plasma mem- 
brane voltage ehanges; ligands, such as hormones, binding to their 
reeeptors; and meehanieal ehanges in the plasma membrane, such as 
streteh. The Ca 2+ pumps aetively transport Ca 2+ out of eells, main- 
taining a low intracellular Ca 2+ eoneentration. 

58 Deseribe the structure of smooth muscle eells. How does movement 
of aetin myofilaments past myosin myofilaments result in eontraetion? 

59 Deseribe how Ca 2+ move aeross the plasma membrane of smooth 
muscle. 

Smooth Mnsele eontraetion 

and Relaxation 

Auto or external stimulation of smooth muscles ean result in 
inereased intracellular Ca 2+ levels, which promotes eontraetion. The 
role of Ca 2+ in smooth muscle differs from that in skeletal muscle 
eells, however, because there are no troponin molecules assoeiated 
with the aetin fibers of smooth muscle eells. Instead of binding to 
troponin, Ca 2+ bind to a protein ealled calmodulin (kal-mod'u-lin). 
Calmodulin with Ca 2+ bound to it aetivates an enzyme ealled myosin 
kinase (kl'nàs), which transfers a phosphate group from ATP to the 
head of a myosin molecule. Onee the phosphate is attaehed to a 
myosin head, myosin ATPase ean break down ATP, resulting in eross- 
bridge eyeling, just as occurs in skeletal muscle. Cross-bridge eyeling 
stops when another enzyme, ealled myosin phosphatase (fos'fà-tàs), 
removes the phosphate from the myosin head. Aetive transport of 
Ca 2+ out of the eell or into sareoplasmie reticulum deereases Ca 2+ 
levels, which deereases myosin kinase levels and the addition of phos- 
phates to myosin heads. Relaxation occurs because fewer phosphates 
are added to myosin heads than are removed by myosin phosphatase. 

60 Deseribe the role of Ca 2+ , calmodulin, myosin kinase, myosin ATPase, 
and myosin phosphatase in smooth muscle eontraetion. 

Fiinetional Properties of 
Smooth Muscle 

Smooth muscle has several fimetional properties not seen in skeletal 
muscle: 

1. Smooth muscle is eapable of autorhythmic eontraetions. In 
some smooth muscle, paeemaker eells eontrol the eontraetion 
of other smooth muscle eells by generating aetion potentials 
that spread to the other eells through gap junctions. 

2. A typieal smooth muscle eell eontraets and relaxes approximately 
30 times slower than a typieal skeletal muscle eell. Although 
smooth muscle has sareoplasmie reticulum, many of the Ca 2+ that 
initiate eontraetion eome from outside the eell. The latent phase is 
longer because it takes time for these Ca 2+ to diffbse into the eell. 
The eontraetion phase is longer because of slower eross-bridge 


eyeling. Cross-bridges form more slowly because the myosin 
ATPase in smooth muscle is slower than in skeletal muscle. Cross- 
bridges release very slowly when myosin phosphatase removes the 
phosphate from the myosin head while it is attaehed to aetin. The 
relaxation phase is longer because the Ca 2+ pumps that move 
Ca 2+ out of the eell or into sareoplasmie reticulum are slow. 

3. Smooth muscle tone is the ability of smooth muscle to 
maintain tension for long periods while expending very little 
energy. Skeletal muscle uses 10 to 300 times more ATP than 
smooth muscle to maintain the same tension. Smooth muscle 
ean maintain tension while using little ATP because eross- 
bridge eyeling is slow and aetin and myosin are bound together 
for much of the eyele as a result of the slow rate of eross-bridge 
release. The smooth muscle of blood vessels is in a tonie state of 
eontraetion, which helps maintain blood pressure. Loss of 
smooth muscle tone in blood vessels ean cause a drop in blood 
pressure, resulting in dizziness, unconsciousness, and even death. 

4. Contraction of smooth muscle in the walls of hollow organs 
maintains nearly the same pressure on the organs eontents despite 
ehanges in eontent volume. When the eontents of an organ 
suddenly inerease, the wall of the organ is stretehed and pressure 
inereases. WÌthin a few seeonds to minutes, however, the smooth 
muscle relaxes and pressure nearly returns to the original level. As 
eross-bridges slowly eyele, eross-bridges release, aetin myofilaments 
slide apart because of the external foree stretehing the muscle, and 
the muscle elongates. As eross-bridges eyele, the number of eross- 
bridges in the stretehed muscle remains approximately the same as 
before the muscle was stretehed, resulting in approximately the 
same tension. Likewise, when organ eontents suddenly deerease, 
pressure deereases. The smooth muscle responds by eontraeting, 
and pressure rernrns to the original level. Maintaining a eonstant 
pressure despite volume ehanges allows additional materials to 
enter an organ and helps prevent the premature movement of 
materials out of an organ. For example, the urinary bladder ean 
gradually fill, but pressure within the bladder does not inerease to 
the point that urine is foreed out. 

3. The ability of smooth muscle to eontraet effeetively remains 
relatively eonstant despite ehanges in muscle length. Smooth 
muscle ean eontraet effeetively even when stretehed to more 
than two-thirds of its resting length, whereas skeletal muscle 
eontraets effeetively when stretehed one-quarter to one-third of 
its resting length (see figure 8.16). The amount of streteh of 
smooth muscle in the walls of hollow organs, such as the 
stomaeh and urinary bladder, is determined by the organ’s 
eontents. When the organ is full, the smooth muscle ean be 
greatly stretehed, but when the organ is nearly empty, the 
streteh is less. Despite ehanges in organ eontents, the smooth 
muscle ean eontraet effeetively to mix or move the eontents. 

The ability of smooth muscle to eontraet effeetively despite 
ehanges in muscle length is related to the arrangement of aetin and 
myosin myofilaments, which are seattered as bundles throughout 
the eells. The optimal overlap of some of the aetin and myosin 
myofilament bundles occurs at one muscle length, whereas the 
optimal overlap of other aetin and myosin bundles occurs at a 
different muscle length. In addition, there is no bare area in the 
middle of the myosin myofilament as occurs in skeletal muscle (see 
figure 8.2 'f), so there are more oppormnities to form eross-bridges. 





Effeets of the Muscular System on 
Other Systems 


Integumentary 

System 

Moves skin for faeial expressions 

Provides support 

Produces heat 

Skeletal 

System 

Moves bones, resulting in body movements 

Maintains body posture 

Tension on bone promotes bone growth 
and maintenanee. 

Nervous 

System 

Sensory reeeptors (for example, muscle 
spindles and Golgi tendon organs) 
provide information about body position. 

Endoerine 

System 

Muscular exercise stimulates endorphin 
release. 

Cardiovascular 

System 

Skeletal muscle “pump” helps move blood 
through blood vessels. 

Lymphatie 

System and 
lmmunity 

Skeletal muscle “pump” helps move lymph 
through lymphatie vessels. 

Respiratory 

System 

Changes thoraeie volume during breathing 

Controls tension on voeal eords during 
voiee production 

Digestive 

System 

Proteets abdominal organs 

Is responsible for mastieation and swallowing 
Controls voluntary defeeation 

Llrinary 

System 

Controls voluntary urination 

Pelvie floor muscles support the urinary 
bladder. 

Reproductive 

System 

Pelvie floor muscles support internal 
reproductive organs, such as the uterus. 


Is responsible for ejaculation 
Cremaster muscles help regulate testes 


temperature. 

Abdominal muscles assist in delivery. 


Effeets of Other Systems on the 
Muscular System 

Produces a vitamin D precursor that is 
eonverted to aetive vitamin D, which 
inereases the absorption of the Ca 2+ 
neeessary for muscle eontraetion 

Proteets against abrasion and ultraviolet light 

Forms lever system for body movements 

Reservoir for Ca 2+ , which is neeessary for 
muscle eontraetion 


Stimulates muscle eontraetions and 
maintains muscle tone 

Psyehologie fatigue is the most eommon 
reason for stopping muscular exercise. 

Hormones affeet muscle growth, 
metabolism, and nutrient uptake 

Delivers oxygen, nutrients, hormones, and 
immune eells 

Removes earbon dioxide, waste products, 
and toxins 

Transports laetie aeid from muscle to the 
liver 

Immune eells provide proteetion against 
mieroorganisms and toxins and promote 
tissue repair by releasing ehemieal mediators. 

Removes excess interstitial fluid 

Provides oxygen and removes earbon dioxide 

Helps maintain the body’s pH 


Provides nutrients and water 

The liver eonverts laetie aeid from muscle 
to glucose (oxygen defieit). 

Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 


Sex hormones inerease muscle growth. 
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61 What are paeemaker eells? 

62 Explain how smooth muscle eontraets more slowly than skeletal muscle. 

63 What is smooth muscle tone? Explain how it is produced. 

64 How does smooth muscle maintain a eonstant pressure within hollow 
organs despite ehanges in the organ's volume? 

65 Compare the ability of smooth muscle and skeletal muscle to 
eontraet when stretehed. 

8.11 eardiae Muscle 

Cardiac muscle is found only in the heart; it is discussed in detail in 
ehapter 17. Cardiac muscle tissue is striated, like skeletal muscle, but 
eaeh eell usually eontains one nucleus loeated near the eenter. 

Siimmary 

8.1 Functions of the Muscular System <p. i 98 ) 

Muscle is responsible for movement of the arms, legs, heart, and other 
parts of the body; maintenanee of posture; respiration; production of 
body heat; communication; eonstrietion of organs and vessels; and 
heartbeat. 

8.2 Properties and Types of Muscle <p. i 98 > 

1. Muscle exhibits eontraetility (shortens forcefully), excitability (responds 
to stimuli), extensibility (ean be stretehed and still eontraet), and 
elastieity (reeoils to resting length). 

2. Muscle tissue shortens forcefully but lengthens passively. 

3. The three types of muscle are skeletal, smooth, and eardiae. 

4. Skeletal muscle is responsible for most body movements, smooth 
muscle is found in the walls of hollow organs and tubes and moves 
substances through them, and eardiae muscle is found in the heart and 
pumps blood. 

8.3 Skeletal Muscle Structure <p. 199 ) 

Skeletal muscle fibers are long, eylindrieal eells, they eontain several nuclei, 
and they appear striated. 

eonneetive Tissue eoverings of Muscle 

1. Muscular faseia separates and eompartmentalizes individual or groups 
of muscles. 

2. Muscles are eomposed of muscle faseieles, which are eomposed of 
muscle fibers. 

3. Epimysium surrounds muscles, perimysium surrounds muscle faseieles 
(bundles), and endomysium surrounds muscle fibers. 

4. The eonneetive tissue of muscle blends with other eonneetive tissue, 
such as tendons, which eonneet muscle to bone. 

3. Muscle eonneetive tissue provides a pathway for blood vessels and 
nerves to reaeh muscle fibers. 

Muscle Fibers 

1. A muscle fiber is a single eell eonsisting of a plasma membrane 
(sareolemma), eytoplasm (sareoplasm), several nuclei, and myofibrils. 

2. Myofibrils are eomposed of two major protein fibers: aetin and myosin. 

■ Aetin (thin) myofilaments eonsist of two strands of F aetin 

(eomposed of G aetin), tropomyosin, and troponin. 


Adjaeent eells join together to form branehing fibers by speeialized 
eell-to-eell attaehments ealled interealated (in-ter'kà-là-ted) disks, 
which have gap junctions that allow aetion potentials to pass from eell 
to eell. Some eardiae muscle eells are autorhythmic, and one part of 
the heart normally aets as the paeemaker. The aetion potentials of 
eardiae muscle are similar to those of nerve and skeletal muscle but 
have a much longer duration and refraetory period. The depolariza- 
tion of eardiae muscle results from the influx of both Na + and Ca 2+ 
aeross the plasma membrane. The regulation of eontraetion in eardiae 
muscle by Ca 2+ is similar to that of skeletal muscle. 

66 Compare the structural and functional eharaeteristies of eardiae 
muscle with those of skeletal muscle. 


■ Myosin (thiek) myofilaments eonsist of myosin molecules. 

Eaeh myosin molecule has a head with an ATPase, which breaks 
down ATP; a hinge region, which enables the head to move; and 
a rod. 

■ A eross-bridge is formed when a myosin head binds to the aetive site 
on G aetin. 

3. Aetin and myosin are organized to form sareomeres. 

■ Sareomeres are bound by Z disks that hold aetin myofilaments. 

■ Six aetin myofilaments surround a myosin myofilament. 

■ Myofibrils appear striated because of A bands and I bands. 

8.4 Sliding Filament Model <p. 202) 

1. Aetin and myosin myofilaments do not ehange in length during 
eontraetion. 

2. Aetin and myosin myofilaments slide past one another in a way that 
causes sareomeres to shorten. 

3. The I band and H zones beeome narrower during eontraetion, and the 
A band remains eonstant in length. 

8.5 Physiology of Skeletal Muscle 

Fibers (p.204) 

The nervous system stimulates muscles to eontraet through eleetrie signals 
ealled aetion potentials. 

Membrane Potentials 

1. Plasma membranes are polarized, which means there is a eharge differenee, 
ealled the resting membrane potential, aeross the plasma membrane. 

2. The inside of plasma membranes is negative, eompared with the outside 
in a resting eell. 

lon ehannels 

1. An aetion potential is a reversal of the resting membrane potential so 
that the inside of the plasma membrane beeomes positive. 

2. Ion ehannels are responsible for producing aetion potentials. 

3. Ligand-gated and voltage-gated ehannels produce aetion potentials. 

Aetion Potentials 

1. Depolarization results from an inerease in the permeability of the 
plasma membrane to Na + . If depolarization reaehes threshold, an 
aetion potential is produced. 
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2. The depolarization phase of the aetion potential results from many Na + 
ehannels opening. 

3. The repolarization phase of the aetion potential occurs when the Na + 
ehannels elose and K + ehannels open briefly. 

4. Aetion potentials occur in an all-or-none fashion. A subthreshold 
stimulus produces no aetion potential, whereas threshold or stronger 
stimuli produce the same aetion potential. 

3. Aetion potentials propagate, or travel, aeross plasma membranes. 

Neuromuscular Junction 

1. The presynaptie terminal of the axon is separated from the postsynaptie 
membrane of the muscle fiber by the synaptie eleft. 

2. Aetion potentials cause Ca 2+ ehannels in the presynaptie terminal to 
open. Calcium ions diflhse into the presynaptie terminal, stimulating 
the release of aeetyleholine from the presynaptie terminal. 

3. Aeetyleholine binds to reeeptors of the postsynaptie membrane, thereby 
ehanging membrane permeability and producing an aetion potential, 
which stimulates muscle eontraetion. 

4. After an aetion potential occurs, aeetyleholinesterase splits aeetyleholine 
into aeetie aeid and eholine. Choline is transported into the presynaptie 
terminal to re-form aeetyleholine. 

Excitation Contraction Coupling 

1. Invaginations of the sareolemma form T tubules, which wrap around 
the sareomeres. 

2. A triad is a T tubule and two terminal eisternae (an enlarged area of 
sareoplasmie reticulum). 

3. Aetion potentials move into the T tubule system, causing Ca 2+ 
ehannels in the sareoplasmie reticulum to open and release Ca 2+ . 

4. Calcium ions diflhse from the sareoplasmie reticulum to the 
myofilaments and bind to troponin, causing tropomyosin to move and 
expose aetive sites on aetin to myosin. 

3 • Contraction occurs when myosin heads bind to aetive sites on aetin, myosin 
heads move at their hinge regions, and aetin is pulled past the myosin. 

Cross-Bridge Movement 

1. ATP is required for the eyele of eross-bridge formation, movement, and 
release. 

2. ATP is also required to transport Ca 2+ into the sareoplasmie reticulum 
and to maintain normal eoneentration gradients aeross the plasma 
membrane. 

Muscle Relaxation 

1. Calcium ions are transported into the sareoplasmie reticulum. 

2. Calcium ions diflhse away from troponin and tropomyosin moves, 
preventing further eross-bridge formation. 

8.6 Physiology of Skeletal Muscle (p. 211) 

Muscle Twitch 

1. A muscle twitch is the eontraetion of a muscle as a result of one or 
more muscle fibers eontraeting. 

2. A muscle twitch has lag, eontraetion, and relaxation phases. 

Strength of Muscle eontraetion 

1. Muscles eontraet in a graded fashion because of multiple-fiber 
summation and frequency summation. 

2. Multiple-fiber summation inereases the number of motor units 
aetivated, whereas frequency summation inereases the foree of 
eontraetion of motor units. 

3. ineomplete tetanus is partial relaxation between eontraetions, and 
eomplete tetanus is no relaxation between eontraetions. 

4. The foree of eontraetion inereases with inereased frequency of stimulation 
because of an inereasing eoneentration of Ca 2+ around the myofibrils. 
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5. Treppe is an inerease in the foree of eontraetion during the first few 
eontraetions of a rested muscle. 

Types of Muscle eontraetions 

1. isometrie eontraetions cause a ehange in muscle tension but no ehange 
in muscle length. 

2. isotonie eontraetions cause a ehange in muscle length but no ehange in 
muscle tension. 

3. Concentric eontraetions are isotonie eontraetions that cause muscles to 
shorten. 

4. Eeeentrie eontraetions are isotonie eontraetions that enable muscles to 
resist an inerease in length. 

5. Muscle tone is the maintenanee of a steady tension for long periods. 

6. Asynchronous eontraetions of motor units produce smooth, steady 
muscle eontraetions. 

Length Versus Tension 

Muscle eontraets with less than maximum foree if its initial length is shorter 
or longer than optimum. 

Fatigue 

1. Fatigue, the deereased ability to do work, ean be caused by the eentral 
nervous system (psyehologie fatigue) and excitation-contraction 
uncoupling (muscular fatigue). 

2. Physiologie contracture (the inability of muscles to eontraet or relax) 
and rigor mortis (stiff muscles after death) result from inadequate 
amounts of ATP. 

Energy for Muscle eontraetion 

1. Creatine phosphate eombines with ADP to produce ATP. 

2. Anaerobie glyeolysis does not require oxygen and breaks down glucose 
to produce ATP and laetie aeid. 

3. Aerobie respiration requires oxygen and breaks down glucose to 
produce ATP, earbon dioxide, and water. 

4. Anaerobie glyeolysis produces 2 ATP molecules per glucose molecule, 
whereas aerobie respiration produces 36. 

5. Creatine phosphate and anaerobie glyeolysis provide ATP at the 
beginning of exercise and for short term, intense aetivities, whereas 
aerobie respiration provides ATP for sustained aetivities. 

6. Anaerobie glyeolysis is limited by deereased glucose and inereased laetie 
aeid levels. Aerobie respiration is limited by deereased oxygen and 
nutrient levels. 

7. Laetie aeid released from skeletal muscle fibers ean be used as an energy 
source by other muscle fibers or eonverted to glucose by the liver. 

Oxygen Consumption After Exercise 

1. The oxygen debt proposed that inereased oxygen consumption 
following exercise results from a reversal of anaerobie proeesses. 

2. Excess post-exercise oxygen consumption is the oxygen used to restore 
homeostasis after exercise. 

Heat Production 

1. Heat is produced as a by-product of ehemieal reaetions in muscles. 

2. Shivering produces heat to maintain body temperature. 

8.7 Types of Skeletal Muscle Fibers (p. 218) 

The three main types of skeletal muscle fibers are slow-twitch oxidative 
(SO) fibers, fast-twitch glyeolytie (FG) fibers, and fast-twitch oxidative 
glyeolytie (FOG) fibers. 

Speed of eontraetion 

SO fibers eontraet more slowly than FG and FOG fibers because they have 
slower myosin ATPases than FG and FOG fibers. 
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Fatigiie Resistanee 

1. SO fibers are fatigue-resistant and rely on aerobie respiration. They 
have many mitoehondria, a rieh blood supply, and myoglobin. 

2. FG fibers are fatigable. They rely on anaerobie glyeolysis and have a 
high eoneentration of glyeogen. 

3. FOG fibers have fatigue resistanee intermediate between SO and FG 
fibers. They rely on aerobie and anaerobie glyeolysis. 

Functions 

1. SO fibers maintain posture and are involved with prolonged exercise. 

2. FG fibers produce powerful eontraetions of short duration. 

3. FOG fibers support moderate-intensity endurance exercises. 

4. People who are good sprinters have a greater pereentage of fast-twitch 
muscle fibers, and people who are good long-distanee rnnners have a 
higher pereentage of slow-twitch muscle fibers in their leg muscles. 

3. Aerobie exercise ean result in the eonversion of FG fibers to FOG fibers. 

8.8 Muscular Hypertrophy and Atrophy <p. 219) 

1. Hypertrophy is an inerease in the size of muscles due to an inerease in 
the size of muscle fibers resulting from an inerease in the number of 
myofibrils in the muscle fibers. 

2. Aerobie exercise inereases the vascularity of muscle and hypertrophy 
of slow-twitch fibers more than fast-twitch fibers. Intense, anaerobie 
exercise results in greater hypertrophy of fast-twitch than slow- 
twitch fibers. 

3. Atrophy is a deerease in the size of muscle due to a deerease in the size 
of muscle fibers or a loss of muscle fibers. 

8.9 Effeets of Aging on Skeletal Muscle <p. 220) 

Muscles atrophy because of an age-related loss of muscle fibers, espeeially 

fast-twitch fibers. 

8.10 Smooth Muscle <p. 220) 

Types of Smooth Muscle 

1. Viseeral smooth muscle fibers have many gap junctions and eontraet as 
a single unit. 

2. Multiunit smooth muscle fibers have few gap junctions and fimetion 
independently. 


Regulation of Smooth Muscle eontraetion 

1. Smooth muscle eontraetion is involuntary. 

■ Multiunit smooth muscle eontraets when externally stimulated by 
nerves, hormones, or other substances. 

■ Viseeral smooth muscle eontraets autorhythmically or when 
stimulated externally. 

2. Hormones are important in regulating smooth muscle. 

Structure of Smooth Muscle 

1. Smooth muscle eells are spindle-shaped with a single nucleus. 

2. Smooth muscle eells have aetin and myosin myofilaments. The aetin 
myofilaments are eonneeted to dense bodies and dense areas. Smooth 
muscle is not striated. 

3. Smooth muscle eells have no T tubule system, and most have less 
sareoplasmie reticulum than skeletal muscle eells. They do not have 
troponin. 

Smooth Muscle eontraetion and Relaxation 

1. Calcium ions enter the eell to initiate eontraetion; Ca 2+ bind to 
calmodulin and they aetivate myosin kinase, which transfers a 
phosphate group from ATP to myosin. When phosphate groups are 
attaehed to myosin, eross-bridges form. 

2. Relaxation results when myosin phosphatase removes a phosphate 
group from the myosin molecule. 

Functional Properties of Smooth Muscle 

1. Paeemaker eells are autorhythmic smooth muscle eells that eontrol the 
eontraetion of other smooth muscle eells. 

2. Smooth muscle eells eontraet more slowly than skeletal muscle eells. 

3. Smooth muscle tone is the ability of smooth muscle to maintain a 
steady tension for long periods with little expenditure of energy. 

4. Smooth muscle in the walls of hollow organs maintains a relatively eonstant 
pressure on the organs’ eontents despite ehanges in eontent volume. 

3. The foree of smooth muscle eontraetion remains nearly eonstant 
despite ehanges in muscle length. 

8.11 eardiae Muscle (p. 224) 

Cardiac muscle fibers are striated, have a single nucleus, are eonneeted by 

interealated disks (thus fimetion as a single unit), and are eapable of 

autorhythmicity. 


Review and eomprehension 


8.1 Functions of the Muscular System <p. i98) 

1. The major fimetions of muscle include 

a. movements, such as walking. 

b. maintaining body posture when standing still. 
e. maintaining body temperature. 

d. moving materials through hollow organs, such as the stomaeh and heart. 

e. all of the above 

8.2 Properties and Types of Muscle <p. i98> 

2. Which of these is true of skeletal muscle? 

a. spindle-shaped eells 

b. under involuntary eontrol 

e. many peripherally loeated nuclei per muscle eell 

d. forms the walls of hollow internal organs 

e. may be autorhythmic 


8.3 Skeletal Muscle structure <p. 199) 

3. Given these structures: 

1. whole muscle 4. myofibril 

2. muscle fiber (eell) 5. muscle faseiele (bundle) 

3. myofilament 

Choose the arrangement that lists the structures in the eorreet order 
from the largest to the smallest structure. 

a. 1,2,5,3,4 e. 1,5,2,3,4 e. 1,5,4,2,3 

b. 1,2,5,4,3 d. 1,5,2,4,3 

4. Myofibrils 

a. are made up of many muscle fibers. 

b. are made up of many sareomeres. 
e. eontain sareoplasmie reticulum. 
d. eontain T tubules. 
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5. Myosin myofilaments are 

a. attaehed to the Z disk. d. absent from the H zone. 

b. found primarily in the I band. e. attaehed to the M line. 

e. thinner than aetin myofilaments. 

6. Which of these statements about the molecular structure of 
myofilaments is true? 

a. Tropomyosin has a binding site for Ca 2+ . 

b. The head of the myosin molecule binds to an aetive site on G aetin. 
e. ATPase is found on troponin. 

d. Troponin binds to the rod portion of myosin molecules. 

e. Aetin molecules have a hingelike portion, which bends and 
straightens during eontraetion. 

8.4 Sliding F lament Model <p. 202) 

7. Which of these regions shortens during skeletal muscle eontraetion? 

a. A band e. H zone e. both b and e 

b. I band d. both a and b 

8.5 Physiology of Skeletal Miisele 

Fibers (p.204) 

8. During repolarization of the plasma membrane, 

a. Na + move to the inside of the eell. 

b. Na + move to the outside of the eell. 
e. K + move to the inside of the eell. 

d. K + move to the outside of the eell. 

9. Given these events: 

1. Aeetyleholine is broken down into aeetie aeid and eholine. 

2. Aeetyleholine diffuses aeross the synaptie eleft. 

3. Aetion potential reaehes the terminal braneh of the motor neuron. 

4. Aeetyleholine eombines with a ligand-gated ion ehannel. 

3. Aetion potential is produced on the muscle fiber’s sareolemma. 

Choose the arrangement that lists the events in the order they occur at 
a neuromuscular junction. 

a. 2,3,4,1,3 e. 3,4,2,1,5 e. 5,1,2,4,3 

b. 3,2,4,5,1 d. 4,5,2,1,3 

10. Aeetyleholinesterase is an important molecule in the neuromuscular 
junction because it 

a. stimulates reeeptors on the presynaptie terminal. 

b. synthesizes aeetyleholine from aeetie aeid and eholine. 

e. stimulates reeeptors within the postsynaptie membrane. 

d. breaks down aeetyleholine. 

e. causes the release of Ca 2+ from the sareoplasmie reticulum. 

11. Given these events: 

1. Sareoplasmie reticulum releases Ca 2+ . 

2. Sareoplasmie reticulum takes up Ca 2+ . 

3. Calcium ions diffhse into myofibrils. 

4. Aetion potential moves down the T tubule. 

5. Sareomere shortens. 

6. Muscle relaxes. 

Choose the arrangement that lists the events in the order they occur 
following a single stimulation of a skeletal muscle eell. 

a. 1,3,4,5,2,6 e. 4,1,3,5,2,6 e. 5,1,4,3,2,6 

b. 2,3,5,4,6,1 d. 4,2,3,5,1,6 

12. Given these events: 

1. Calcium ions eombine with tropomyosin. 

2. Calcium ions eombine with troponin. 

3. Tropomyosin pulls away from aetin. 

4. Troponin pulls away from aetin. 

5. Tropomyosin pulls away from myosin. 


6. Troponin pulls away from myosin. 

7. Myosin binds to aetin. 

Choose the arrangement that lists the events in the order they occur 
during muscle eontraetion. 

a. 1,4,7 b. 2,5,6 e. 1,3,7 d. 2,4,7 e. 2,3,7 

8.6 Physiology of Skeletal Muscle <p. 211) 

13. Which of these events occurs during the lag (latent) phase of muscle 
eontraetion? 

a. eross-bridge movement 

b. aetive transport of Ca 2+ into the sareoplasmie reticulum 
e. Ca 2+ binding to troponin 

d. sareomere shortening 

e. ATP binding to myosin 

14. With stimuli of inereasing strength, which of these is eapable of a 
graded response? 

a. nerve axon e. motor unit 

b. muscle fiber d. whole muscle 

15. Considering the foree of eontraetion of a skeletal muscle eell, frequency 
summation occurs because of 

a. inereased strength of aetion potentials on the plasma 
membrane. 

b. a deereased number of eross-bridges formed. 

e. an inerease in Ca 2+ eoneentration around the myofibrils. 

d. an inereased number of motor units recruited. 

e. inereased permeability of the sareolemma to Ca 2+ . 

16. A weight lifter attempts to lift a weight from the floor, but the weight is 
so heavy that he is unable to move it. The type of muscle eontraetion 
the weight lifter is using is mostly 

a. isometrie. e. isokinetie. e. eeeentrie. 

b. isotonie. d. eoneentrie. 

17. The length-tension curve illustrates 

a. how isometrie eontraetions occur. 

b. that the greatest foree of eontraetion occurs if a muscle is not 
stretehed at all. 

e. that optimal overlap of aetin and myosin produces the greatest foree 
of eontraetion. 

d. that the greatest foree of eontraetion occurs with little or no overlap 
of aetin and myosin. 

18. Given these eonditions: 

1. low ATP levels 

2. little or no transport of Ca 2+ into the sareoplasmie reticulum 

3. release of eross-bridges 

4. Na + accumulation in the sareoplasm 

5. formation of eross-bridges 

Choose the eonditions that occur in both physiologie contracture and 
rigor mortis. 

a. 1,2,3 e. 1,2,3,4 e. 1,2,3,4,5 

b. 1,2,5 d. 1,2,4,5 

19. Which of the following statements regarding energy sources for skeletal 
muscle is true? 

a. Creatine phosphate provides energy for endurance exercise. 

b. Anaerobie glyeolysis provides more ATP per glucose molecule than 
does aerobie respiration. 

e. Aerobie respiration ends with the production of laetie aeid. 

d. At the onset of exercise, aerobie respiration provides all of the ATP 
neeessary for the inereased aetivity. 

e. Laetie aeid released from skeletal muscle fibers ean be used by other 
muscle eells as a source of energy. 



228 


ehapter 8 


8.7 Types of Skeletal Muscle Fibers (p. 218 ) 

20. Concerning difFerent types of skeletal muscle fibers, 

a. FOG fibers are better at endurance-type aetivities than are 
SO fibers. 

b. FOG fibers are reemited before SO fibers during low-intensity 
exercise. 

e. FG fibers have more myoglobin than SO fibers. 

d. FG fibers have more glyeogen than SO fibers. 

e. Aerobie training eonverts FG fibers into SO fibers. 

8.8 Muscular Hypertrophy and Atrophy (p. 219) 

21. Which of these inereases the least as a result of muscle hypertrophy? 

a. number of sareomeres 

b. number of myofibrils 

e. number of muscle fibers 

d. blood vessels and mitoehondria 

8.9 Effeets of Aging on Skeletal Muscle (p. 220) 

22. Which of these statements eoneerning aging and skeletal muscle is eorreet? 

a. There is a loss of muscle fibers with aging. 

b. Slow-twitch fibers deerease in number faster than fast-twitch fibers. 

e. There is an inerease in the density of eapillaries in skeletal muscle. 
d. The number of motor neurons remains eonstant. 


eritieal Thinking 

1. Explain what is happening at the level of individual sareomeres when a 
person is using his or her bieeps braehii muscle to hold a weight in a 
eonstant position. Contrast this with what is happening at the level of 
individual sareomeres when an individual lowers the weight, as well as 
when the individual raises the weight. 

2. Suppose that a poison causes death because of respiratory failure (the 
respiratory muscles relax but do not eontraet). Propose as many ways 
as possible that the toxin could cause respiratory failure. 

3. A patient is thought to be suffering from either muscular dystrophy or 
myasthenia gravis. ffow would you distinguish between the two eonditions? 

4. Under eertain circumstances, the aetin and myosin myofilaments ean be 
extracted from muscle eells and plaeed in a beaker. They subsequently 
bind together to form long filaments of aetin and myosin. The addition 
of what eell organelle or molecule to the beaker would make the aetin 
and myosin myofilaments unbind? 

3. Design an experiment to test the following hypothesis: Muscle A has 
the same number of motor units as muscle B. Assume you could 


8.10 Smooth Muscle <p. 220) 

23. Relaxation in smooth muscle occurs when 

a. myosin kinase attaehes phosphate to the myosin head. 

b. Ca 2+ bind to calmodulin. 

e. myosin phosphatase removes phosphate from myosin. 

d. Ca 2+ ehannels open. 

e. Ca 2+ are released from the sareoplasmie reticulum. 

24. Compared with skeletal muscle, viseeral smooth muscle 

a. ean have autorhythmic eontraetions. 

b. eontraets more slowly. 

e. maintains tension for long periods with less expenditure of energy. 

d. ean be stretehed more and still retain the ability to eontraet 
foreefiilly. 

e. all of the above. 

8.11 eard ae Muscle (p. 224) 

23. Cardiac muscle eells 

a. are found only in the heart. 

b. are eonneeted to eaeh other through interealated dises. 
e. are striated. 

d. usually have only one nucleus. 

e. all of the above 

Answers in Appendix E 


stimulate the nerves that innervate skeletal muscles with an eleetronie 
stimulator and monitor the tension produced by the muscles. 

6. ff arvey Leehe milked cows by hand eaeh morning before sehool. One 
morning, he slept later than usual and had to hurry to get to sehool on 
time. As he was milking the cows as fast as he could, his hands beeame 
very tired, and for a short time he could neither release his grip nor 
squeeze harder. Explain what happened. 

7. Prediet and explain the response if the ATP eoneentration in a muscle 
that was exhibiting rigor mortis could be instantly inereased. 

8. Shorty MeFleet notieed that his rate of respiration was elevated after 
mnning a 100 m raee but was not as elevated after mnning slowly for a 
much longer distanee. ff ow would you explain this? 

9. Prediet the shape of the length-tension curve for viseeral smooth 
muscle. ff ow does it differ from the length-tension curve for skeletal 
muscle? 

Answers in Appendix F 
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1. Defìne the origin and insertion of a muscle. 

2. Discuss how individual muscles and rrmsele groups interaet to 
produce movements. 

3. List the ways rrmseles are named and give an example of eaeh. 

4. Deseribe the three lever elasses and give an example of eaeh in the 
body. 

Head and Neek Muscles 234 

5. Demonstrate various faeial expressions, and list the major muscles 
causing them. 

6. Name the rrmseles of mastieation, and state their aetions on 
mandibular movement. 

7. Contrast extrinsic and intrinsie tongue rrmseles. 

8. Deseribe the major movements of the head and neek, and list the 
muscles responsible for eaeh movement. 

Trnnk Muscles 241 

9. Deseribe the following rrmseles and the movements they produce: 
baek muscles, abdominal muscles, rrmseles of the pelvie floor and 
perineum, and the muscles of the thorax. 

Scapular and upper Limb Muscles 246 

10. Deseribe the rrmseles moving the scapula and the aetions they 
cause. 

11. Deseribe the movements of the arm and the rrmseles responsible. 

12. Discuss the functional groupings of the forearm muscles and the 
movements they produce. 

13. Contrast extrinsic and intrinsie hand muscles. 

Hip and Lower Limb Muscles 255 

14. Deseribe the movements of the thigh, and name the rrmseles 
involved in eaeh movement. 

15. Deseribe the leg in terms of eompartments, list the rrmseles 
eontained in eaeh eompartment, and indieate the function of eaeh 
muscle. 

16. Contrast extrinsic and intrinsie foot muscles. 


This man has elearly defined muscles. In this ehapter, you will 
learn the loeation of muscles and the movements they produce. 
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lntroduction 

M annequins are rigid, expressionless, immobile reere- 

ations of the human form. They eannot walk or talk. 
One of the major eharaeteristies of living human 
beings is our ability to move about. Without muscles, humans 
would be little more than mannequins. We would not be able to 
hold this book or turn its pages. We would not be able to blink, so 
our eyes would dry out. None of these ineonvenienees would 
bother us for long because we would not be able to breathe, either. 

We use our skeletal muscles all the time. Postural muscles 
are eonstantly eontraeting to keep us sitting or standing upright. 
Respiratory muscles are eonstantly functioning to keep us 
breathing, even when we sleep. Communication of any kind 
requires skeletal muscles, whether we are writing, typing, or 
speaking. Even silent communication with hand signals or faeial 
expression requires skeletal muscle function. 


9.1 General Prineiples 

This ehapter is devoted to the deseription of the major named skeletal 
muscles. The structure and function of eardiae and smooth muscle are 
eonsidered in other ehapters. Most skeletal muscles extend from one 
bone to another and eross at least one joint. Muscle eontraetion causes 
most body movements by pulling one bone toward another aeross a 
movable joint. The aetion of a muscle is the movement aeeomplished 
when it eontraets. Some muscles are not attaehed to bone at both 
ends. For example, some faeial muscles attaeh to the skin, which 
moves as the muscles eontraet. 

The two points of attaehment of eaeh muscle are its origin and 
insertion (figure 9.1). The origin, also ealled the fixed end or the 
head, is usually the most stationary end of a muscle. Some muscles 
have multiple heads; for example, the bieeps braehii has two heads and 
the trieeps braehii has three heads. The insertion, also ealled the 
mobile end, is usually the end of the muscle undergoing the greatest 
movement. A muscle ean insert on more than one structure. Generally, 
the origin of a muscle is the proximal or medial end of a muscle, 
whereas the insertion is the distal or lateral end of a muscle. The part 
of the muscle between the origin and the insertion is the belly. Muscles 
are eonneeted to bones and other structures by tendons. Tendons 
eome in a variety of shapes. They ean be are long, eablelike structures; 
broad, sheetlike structures ealled aponeuroses (ap'ò-noo-rò'séz); or 
short, almost nonexistent structures. 

Muscles are typieally grouped so that the aetion of one muscle or 
group of muscles is opposed by that of another muscle or group of 
muscles. For example, the bieeps braehii flexes the elbow and the tri- 
eeps braehii extends the elbow. A muscle that aeeomplishes a eertain 
movement, such as flexion, is ealled the agonist (ag'ò-nist, a eontest). 
A muscle aeting in opposition to an agonist is ealled an antagonist 
(an-tag'ò-nist). The bieeps braehii is the agonist in elbow flexion, 
whereas the trieeps braehii is the antagonist, which extends the elbow. 


Prediet 



The trieeps braehii is the agonist for extension of the elbow. What muscle is its 
antagonist? 



Scapula 


Origins of bieeps 
braehii on scapula 

Belly of 


Extension 


Lllna 


Radius 


Insertion of 
bieeps braehii on 
radial tuberosity 


Origins of trieeps 
braehii on 
scapula and 
humerus 


Humerus 


Insertion of trieeps 
braehii on oleeranon 


Figure 9.1 Muscle Attaehment 

Muscles are attaehed to bones by tendons.The bieeps braehii has two heads, 
which originate on the scapula.The trieeps braehii has three heads, which 
originate on the scapula and the humerus. The bieeps braehii inserts onto the 
radial tuberosity and onto nearby eonneetive tissue.The trieeps braehii inserts 
onto the oleeranon of the ulna. 


Muscles also tend to fimetion in groups to aeeomplish speeifie 
movements. For example, the deltoid, bieeps braehii, and peetoralis 
major all help flex the shoulder. Furthermore, many muscles are 
members of more than one group, depending on the type of move- 
ment being eonsidered. For example, the anterior part of the deltoid 
muscle fimetions with the flexors of the shoulder, whereas the poste- 
rior part fimetions with the extensors of the shoulder. Members of a 
group of muscles working together to produce a movement are ealled 
synergists (sin'er-jistz). For example, the bieeps braehii and braehia- 
lis are synergists in elbow flexion. Among a group of synergists, if one 
muscle plays the major role in aeeomplishing the desired movement, 
it is the prime mover. The braehialis is the prime mover in flexing 
the elbow. Fixators are muscles that hold one bone in plaee relative 
to the body while a usually more distal bone is moved. Certain trunk 
muscles are fixators of the scapula. They hold the scapula in plaee 
while muscles attaehed to the scapula eontraet to move the humerus. 

< - 

1 Define the origin, insertion, and belly of a muscle; tendon and aponeurosis; 
agonist and antagonist; and synergist, prime mover, and fixator. 


Nomenelatiire 

Muscles are named aeeording to their loeation, size, shape, orienta- 
tion of fasciculi, origin and insertion, number of heads, and firne- 
tion. Reeognizing the deseriptive nature of muscle names makes 
learning those names much easier. 

1. Loeation. A peetoralis (ehest) muscle is loeated in the ehest, a 
gluteus (buttock) muscle is loeated in the buttock, and a 
braehial (arm) muscle is loeated in the arm. 

2. Size. The gluteus maximus (large) is the largest muscle of the 
buttock, and the gluteus minimus (small) is the smallest. The 
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peetoralis major (larger of two muscles) is larger than the 
peetoralis minor (smaller of two muscles). A longus (long) 
muscle is longer than a brevis (short) muscle. 

3. Shape. The deltoid (triangular) muscle is triangular, a 
quadratus (quadrate) muscle is rectangular, and a teres 
(round) muscle is round. 

4. Orientation offasciculi. A rectus (straight) muscle has muscle 
fasciculi running straight with the axis of the structure to 
which the muscle is assoeiated, whereas the fasciculi of an 
oblique muscle lie oblique to the longitudinal axis of the 
structure. 

3. Origin and insertion. The sternoeleidomastoid originates on the 
sternum and elaviele and inserts onto the mastoid proeess of 
the temporal bone. The braehioradialis originates in the arm 
(brachium) and inserts onto the radius. 

6. Number ofheads. A bieeps (bi, two + eeps, head) muscle has 
two heads, and a trieeps ( tri, three + eeps, head) muscle has 
three heads. 

7. Function. An abductor moves a structure away from the 
midline, and an adductor moves a structure toward the 
midline. The masseter (a chewer) is a chewing muscle. 

2 List the eriteria used to name muscles, and give an example of eaeh. 

Movements Aeeomplished by Muscles 

The aetions of muscles ean be explained in terms of levers (figure 9.2). A 
lever is a rigid shafi: that turns around a fulcrum (F), or pivot point, 
transferring a pull (P), or foree applied to the lever to a weight (W), or 
resistanee. The bones fimetion as levers, the joints as fulcrums, and the 
muscles provide the pull to move the levers. Three elasses of levers exist 
based on the relative positions of the levers, weights, fulcrums, and forees. 
In a elass I lever system, the fulcrum is loeated between the pull 
and the weight (see figure 9.2 a). A ehild’s seesaw and movement of 
the head are examples. The atlanto-oeeipital joint is the fulcrum, the 
posterior neek muscles provide the pull depressing the baek of the 
head, and the faee, which is elevated, is the weight. 

In a elass II lever system, the weight is loeated between the 
fulcrum and the pull (see figure 9.2b). A person using a wheelbarrow 
and opening the mouth are examples. The weight is the teeth and 
tongue, the fulcrum is the temporomandibular joint, and throat 
muscles provide the pull. The lever system for opening the mouth is 
easier to understand if the head is viewed upside down. 

In a elass III lever system, the most eommon type in the body, the 
pull is loeated between the fulcrum and the weight (see figure 9.2 e). 
Examples are a person using a shovel and flexion of the elbow. The bieeps 
braehii muscle provides the foree, the fblemm is the elbow joint, and the 
weight is held in the hand. 

3 llsing the terms fulcrum, lever, and foree, explain how eontraetion of 
a muscle results in movement. Define the three elasses of levers, and 
give an example of eaeh in the body. 


Muscle Anatomy 

An overview of the superficial skeletal muscles is presented in figure 9.3. 
Muscles of the head, neek, trunk, and limbs are deseribed in the fol- 
lowing seetions. Muscles often ean cause more than one aetion. The 



(a) Class l:The fulcrum (F) is loeated between the weight (1/1/) and the pull 
(P), or foree. The pull is direeted downward, and the weight, on the opposite 
side of the fulcrum, is lifted. In the body, the fulcrum extends through several 
eervieal vertebrae. 



(b) Class ll:The weight (1/1/) is loeated between the fulcrum (F) and the pull 
(P), or foree.The upward pull lifts the weight.The movement of the mandible is 
easier to eompare to a wheelbarrow if the head is eonsidered upside down. 



F 


(e) Class III: The pull (P), or foree, is loeated between the fulcrum (F) and the 
weight (1/1/).The upward pull lifts the weight. 

Figlire 9.2 eiasses of Levers 
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Faeial muscles 


Deltoid 


Bieeps braehii 


Linea alba 


Braehioradialis 


Retinaculum — 

Pectineus- 

Adductor _ 

longus 

Graeilis - 

Sartorius - 

Patella - 

Gastrocnemius 

Soleus - 



Sternoeleidomastoid 

Trapezius 


Peetoralis major 
Serratus anterior 


Rectus abdominis 
External abdominal oblique 


Flexors of wrist 
and fingers 


Tensor faseiae latae 


Vastus lateralis 
Rectus femoris 

Vastus intermedius (deep 
to the rectus femoris and 
not visible in figure) 

Vastus medialis 


Quadriceps 

femoris 


Tibialis anterior 
Fibularis longus 


Fibularis brevis 


Extensor digitomm longus 
Retinaculum 


(a) Anterior view 


Figure 9.3 Overvievv of the Superficial Body 

Musculature 
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Sternoeleidomastoid 


Seventh eervieal vertebra 


lnfraspinatus 


Teres minor 


Teres major 


Trieeps braehii 


Extensors 
of the wrist 
and fingers 


Hamstring 

muscles 



Fibularis longus 
Fibularis brevis 


Splenius eapitis 


Trapezius 


Deltoid 


Latissimus dorsi 


External abdominal 
oblique 


Gluteus medius 


Gluteus maximus 


Adductor magnus 


lliotibial traet 


Graeilis 


Gastrocnemius 


Soleus 


Calcaneal tendon 
(Aehilles tendon) 


(b) Posterior view 


Figure 9.3 (eontimied) 
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discussion of muscle aetions is sometimes simplified to emphasize the 
main aetions. Consult the tables for more details. 

Pronouncing Muscle Names 

The pronunciations for muscle names are in the tables and in the 
text where a name first appears. The pronunciations are from 
Steadman’s Medieal Dietionary. Some anatomists pronounce muscle 
names differently, particular names ending in “-alis.” The “a” in 
“-alis” ean be pronounced long as in day (dà), or short as in mat 
(mat). Steadman uses the long sound. For example, Steadman pro- 
nounces ilioeostalis as il'é-ò-kos-tà'lis rather than il'é-ò-kos-ta'lis. 


9.2 Head and Neek Muscles 

The muscles of the head and neek involved in faeial expression, masti- 
eation (chewing), movement of the tongue, and movement of the head 
and neek are emphasized in this ehapter. Other head and neek muscles 
are eonsidered in later ehapters—movement of the eye and hearing in 
ehapter 14, speeeh in ehapter 20, and swallowing in ehapter 21. 

Faeial Expression 

The skeletal muscles of faeial expression (table 9.1 and figure 9.4) 
are cutaneous muscles, which attaeh to and move the skin. Many 


Table 9.1* 


Muscles of Faeial Expression (See Figures 9.4 and 9.5) 


Musde 


Origin 


Insertíon Nerve Aetion 



Auricularis (aw-rik'u-là'ris) 
muscles 

Aponeurosis over head 
and mastoid proeess 

Ear 

Faeial 

Move ear superiorly, posteriorly, 
and anteriorly 

Buccinator (buk'sì-nà'tór) 

Mandible and maxilla 

Orbicularis oris at 
angle of mouth 

Faeial 

Retraets angle of mouth; 
flattens eheek 

Corrugator supercilii 
(kór'ii'gà'ter, soo'per-sil'è-ì) 

Nasal bridgeand 
orbicularis oculi 

Skin of eyebrow 

Faeial 

Depresses medial portion of eyebrow; 
draws eyebrows together, as in frowning 

Depressor anguli oris 
(dè-pres'ór ang'gu-lìór'is) 

Lower border of 
mandible 

Skin of lip near 
angle of mouth 

Faeial 

Depresses angle of mouth, 
as in frowning 

Depressor labii inferioris 
(dè-pres'ór là'bè-ì in-fèr'è-òr-is) 

Lower border of 
mandible 

Skin of lower lip and 
orbicularis oris 

Faeial 

Depresses lower lip, as in frowning 

Levator anguli oris 
(lè-và'tor, le-và'ter ang'gu-lìòr'is) 

Maxilla 

Skin at angle of mouth 
and orbicularis oris 

Faeial 

Elevates angle of mouth, as in smiling 

Levator labii superioris (lè-và'tor, 
le-và'ter là'bè-ì su-pèr'è-ór-is) 

Maxilla 

Skin and orbicularis 
oris of upper lip 

Faeial 

Elevates upper lip, as in sneering 

Levator labii superioris alaeque 
nasi (lè-và'tor, le-và'ter là'bè-ì 
su-pèr'è-ór-is à-lak'à nà'zì) 

Maxilla 

Ala at nose and 
upper lip 

Faeial 

Elevates lateral side of nostril 
and upper lip 

Levator palpebrae superioris 
(lè-và'tor, le-và'ter pal-pè'brè 
su-pèr'è-ór-is) (not illustrated) 

Lesser wing of 
sphenoid 

Skin of eyelid 

Oculomotor 

Elevates upper eyelid 

Mentalis (men-tà'lis) 

Mandible 

Skin of ehin 

Faeial 

Elevates and wrinkles skin over ehin; 
protrudes lower lip, as in pouting 

Nasalis (nà'zà-lis) 

Maxilla 

Bridge and ala of nose 

Faeial 

Dilates nostril 

Oeeipitofrontalis 

(ok-sip'i-tó-frun'tà'lis) 

Oeeipital bone 

Skin of eyebrow 
and nose 

Faeial 

Moves sealp; elevates eyebrows 

Orbicularis oculi 
(ór-bik'u-là'ris ok'u-lì) 

Maxilla and frontal bones 

Greles orbit and 
inserts near origin 

Faeial 

Closes eyelids 

Orbicularis oris 
(ór-bik'u-là'ris ór'is) 

Nasal septum, maxilla, 
and mandible 

Faseia and other 
muscles of lips 

Faeial 

Closes lips 

Platysma (plà-tiz'mà) 

Faseia of deltoid and 
peetoralis major 

Skin over inferior 
border of mandible 

Faeial 

Depresses lower lip; wrinkles skin of 
neekand upper ehest 

Procerus (pró-sè'rus) 

Bridge of nose 

Frontalis 

Faeial 

Creates horizontal wrinkles between 
eyes, as in frowning 

Risorius (ri-sór'è-us) 

Platysma and 
masseter faseia 

Orbicularis oris and skin 

at eorner of mouth 

Faeial 

Abducts angle of mouth, as in smiling 

Zygomaticus major 
(zì'gó-mat'i-kus) 

Zygomatie bone 

Angle of mouth 

Faeial 

Elevates and abducts upper lip, 
as in smiling 


Zygomaticus minor Zygomatie bone Orbicularis oris of Faeial Elevates and abducts upper lip, 

(zì'gó-mat'i-kus) upperlip as in smiling 


*The tables in this ehapter are to be used as referenees. As you study the muscular system, first loeate the muscle on the figure, and then find its deseription in the eorresponding table 









Gross Anatomy and Functions of Skeletal Muscles 


235 


Epieranial 

aponeurosis (galea) 




Temporalis 


Oeeipitofrontalis 

(oeeipital portion) 


Auricularis 

muscles 


Masseter 


Splenius 

eapitis 


Levator scapulae 


Sternoeleidomastoid 


Trapezius 

Sealene 

muscles 



(a) Lateral view 


Oeeipitofrontalis 

(frontal portion) 

Orbicularis oculi 
Corrugator supercilii 

Procerus 

Levator labii superioris 
alaeque nasi 

Levator labii superioris 

Zygomaticus minor 

Zygomaticus major 

Levator anguli oris 

Orbicularis oris 
Mentalis 

Depressor labii inferioris 

Depressor anguli oris 

Risorius (cut) 

Buccinator 
Platysma (cut) 


Oeeipitofrontalis 

(frontal portion) 


Orbicularis oculi 


Procerus 


Orbicularis oculi 

(palpebral portion) 

Levator labii superioris 
alaeque nasi 


Zygomaticus minor 


Zygomaticus major 
Levator anguli oris 


Risorius 


Depressor anguli oris 


Depressor labii inferioris 



Corrugator supercilii 

Temporalis 


Nasalis 

Zygomaticus minor 
and major (cut) 

Levator labii superioris 
Levator anguli oris (cut) 

Masseter 

Buccinator 
Orbicularis oris 
Mentalis 

Platysma 


(b) Anterior view 


Figlire 9.4 Muscles of Faeial Expression An r 
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Frontal portion 
of oeeipitofrontalis 

Levator palpebrae 
superioris 


Zygomaticus major 



Proeems 


Orbicularis 

oculi 


Nasalis 


Depressor 
anguli oris 


(e) 



Corrugator 

supercilii 

Levator labii 
superioris 
alaeque nasi 

Levator labii 
superioris 

Depressor 
labii inferioris 


Figlire 9.5 Siirfaee Anatomy, Muscles of Faeial Expression 


Levator 
anguli oris 

Mentalis - 

(b) 



Frontal 
portion of 
oeeipitofrontalis 

Zygomaticus 

minor 

Zygomaticus 

major 

Risorius 




Nasalis 

Orbicularis 

oris 

Buccinator 


Platysma 


animals have cutaneous muscles over the trunk that allow the skin to 
twitch to remove irritants, such as inseets. In humans, cutaneous 
muscles are eonfined primarily to the faee and neek. Faeial expres- 
sions resulting from eontraetion of these muscles are used for non- 
verbal communication (figure 9.5). 

Several muscles aet on the skin around the eyes and eyebrows. 
The oeeipitofrontalis (ok-sip'i-tò-frun-tà'lis) raises the eyebrows 
and furrows the skin of the forehead. The orbicularis oculi 
(òr-bik'u-là'ris ok'u-lì, circular structure of the eye) eloses the eyelids 
and causes a crow's-feet” wrinkles in the skin at the lateral eorners of 
the eyes. The levator palpebrae (le-và'ter pal-pé'bré, lifter of the 
eyelid) superioris raises the upper lids. A droopy eyelid on one side, 
ealled ptosis (tò'sis), usually indieates that the nerve to the levator 
palpebrae superioris, or the part of the brain eontrolling that nerve, 
has been damaged. The eormgator supercilii (kòr'h-gà'ter, kòr'u- 
gà'tòr soo'per-sil'é-I, wrinkle above the eyelid) draws the eyebrows 
inferiorly and medially, producing vertieal eormgations (furrows) in 
the skin between the eyes. 

Several muscles fimetion in moving the lips and the skin sur- 
rounding the mouth (see figures 9.4 and 9.5). The orbicularis oris 
(òr-bik'u-là'ris òr'is, circular structure of the mouth) eloses the mouth 
and the buccinator (buk'si-nà-tòr, tmmpeter) flattens the eheek. They 
are ealled the kissing muscles because they pucker the lips. Smiling is 
aeeomplished by the zygomaticus (zì'gò-mat'i-kus) major and 
minor, the levator anguli (ang'gu-ll) oris, and the risorius 
(rl-sòr'é-us, laughter). Sneering is aeeomplished by the levator labii 
(là'bé-I, lip) superioris and frowning or pouting by the depressor 
anguli oris, the depressor labii inferioris, and the mentalis 


(men-tà'lis, ehin). If the mentalis muscles are well developed on eaeh 
side of the ehin, a ehin dimple, where the skin is tightly attaehed to 
the underlying bone or other eonneetive tissue, may appear between 
the two muscles. 

4 What are cutaneous muscles? How are they used for communication? 

5 What causes a dimple on the ehin? 




Harry Wolf, a notorious flirt, on seeing Sally Gorgeous, raises his eyebrows, 
winks, whistles, and smiles. Name the faeial muscles he uses to earry out this 
eomnrmnieation. Sally, thoroughly displeased with this exhibition, frowns and 
flares her nostrils in disgust. What muscles does she use (see table 9.1)? 


Movement of the Mandible 

Movement of the mandible is complex and is aeeomplished by the 
muscles of mastieation and the hyoid muscles. Mastieation is chew- 
ing. The muscles of mastieation are the temporalis (tem'pó-rà'lis), 
masseter (mà-sé'ter, chewer), lateral pterygoid (ter'ì-goyd, wing- 
shaped) and medial pterygoid muscles (table 9.2 and figure 9.6). 
The temporalis and masseter muscles are powerful elevators of the 
mandible; they elose the mouth to crush food between the teeth. 
Clench your teeth and feel the temporalis on the side of the head and 
the masseter on the side of the eheek. The medial and lateral ptery- 
goids cause lateral and medial excursion of the mandible, moving it 
from side to side. 
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Table 9.2 


Miiseles of Mastieation (See Figure 9.6) 


Muscle 

Origin 

Insertion 

Nerve 

Aetion 

Temporalis 

(tem-pò-rà'lis) 

Temporal fossa 

Anterior portion of 
mandibular ramus 
and eoronoid proeess 

Mandibular division 
of trigeminal 

Elevates and retraets 
mandible; involved in 
excursion 

Masseter (ma'se-ter) 

Zygomatie areh 

Lateral side of 
mandibular ramus 

Mandibular division 
of trigeminal 

Elevates and protraets 
mandible; involved in 
excursion 

Pterygoids (ter'i-goydz) 
Lateral 

Lateral side of lateral 
pterygoid plate and 
greater wing of 
sphenoid 

Condylar proeess of 
mandible and 
articular disk 

Mandibular division 
of trigeminal 

Protraets and depresses 
mandible; involved in 
excursion 

Medial 

Medial side of lateral 
pterygoid plate and 
tuberosity of maxilla 

Medial surface of 
mandible 

Mandibular division 
of trigeminal 

Protraets and elevates 
mandible; involved in 
excursion 



Epieranial 

aponeurosis (galea) 

Oeeipitofrontalis 
(frontal portion) 

Temporalis faseia 

Temporalis 


Zygomatie areh 

Orbicularis oris 
Buccinator 

Masseter 


(a) Lateral view 



Temporalis 


Temporalis tendon 

Zygomatie 
areh (cut) 


Orbicularis oris 
Buccinator 

Masseter (cut) 


(b) Lateral view 



Medial pterygoid 


Buccinator 


Temporalis tendon (cut) 


Lateral Superior head 

pterygoid Inferior head 


Medial 

pterygoid 

plate 


Sphenoid bone 



Lateral pterygoid plate 

Temporal 

bone 

Articular disk 
Head of mandible 

Lateral pterygoid 
Medial pterygoid 


(e) Lateral view 


(d) Posterior view 


Figure 9.6 Muscles of Mastieation ap;r| 

(< a ) The temporalis faseia is cut away to expose the temporalis. ( b ) The masseter and zygomatie areh are cut away to expose the temporalis. (e) Masseter and temporalis 
muscles are removed, and the zygomatie areh and part of the mandible are cut away to reveal the deeper muscles. ( d ) Frontal seetion of the head, showing the 
pterygoid muscles. 
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Table 9.3 


Hyoid Muscles (See Figure 9.7) 


Miisde 

Origin 

Insertion 

Nerve 

Aetion 

Suprahyoid Muscles 

Digastrie (dì-gas'trik) 

Mastoid proeess 

Mandible near midline 

Posterior belly—faeial; 

Depresses and retraets 


(posterior belly) 

(anterior belly) 

anterior belly— 
mandibular division of 
trigeminal 

mandible; elevates hyoid 

Geniohyoid (jè-nì-ò-hì'oyd) 

Mental protuberance 

Body of hyoid 

Fibers of C1 and C2 

Protraets hyoid; depresses 

(not illustrated) 

of mandible 


with hypoglossal 

mandible 

Mylohyoid (mì'ló-hì'oyd) 

Body of mandible 

Hyoid 

Mandibular division 

Elevates floor of mouth and 




of trigeminal 

tongue; depresses mandible 
when hyoid is fixed 

Stylohyoid (stì-lò-hì'oyd) 

Infrahyoid Muscles 

Styloid proeess 

Hyoid 

Faeial 

Elevates hyoid 

Omohyoid (ò-mò-hi'oyd) 

Superior border of scapula 

Hyoid 

Llpper eervieal through 

Depresses hyoid; fixes hyoid in 




ansa eerviealis 

mandibular depression 

Sternohyoid 

Manubrium and first 

Hyoid 

Llpper eervieal through 

Depresses hyoid; fixes hyoid in 

(ster'nò-hì'oyd) 

eostal eartilage 


ansa eerviealis 

mandibular depression 

Sternothyroid 

Manubrium and first or 

Thyroid eartilage 

Llpper eervieal through 

Depresses larynx; fixes hyoid in 

(ster'nò-thì'royd) 

seeond eostal eartilage 


ansa eerviealis 

mandibular depression 

Thyrohyoid (thì-rò-hì'oyd) 

Thyroid eartilage 

Hyoid 

Llpper eervieal, passing 

Depresses hyoid and elevates 




with hypoglossal 

thyroid eartilage of larynx; fixes 
hyoid in mandibular depression 







Tfie hyoid muscles attaeh to the hyoid bone (table 9.3 and 
figure 9.7). The suprahyoid muscles are superior to the hyoid, whereas 
the infrahyoid muscles are inferior to it. Slight mandibular depression 
involves relaxation of the mandibular elevators and the pull of gravity. 
The digastrie (two bellies) muscles are the most important muscles for 
opening the mouth. The hyoid muscles also move the hyoid or hold it 


in plaee. Along with other muscles, the hyoid muscles are involved 
with swallowing and movement of the larynx. To observe this move- 
ment, plaee your hand on your larynx (Adam’s apple) and swallow. 

6 Name the miiseles primarily responsible for opening and elosing the 
mandible and for lateral and medial excursion of the mandible. 


Mylohyoid 

Stylohyoid 

Hyoid bone 


Omohyoid (superior belly) 


Thyroid eartilage 


Sternohyoid 

Cricothyroid 


Trapezius 


Omohyoid 

(inferior belly) 


Figlire 9.7 Hyoid Muscles 

The hyoid muscles are shown in dark red. 



Sternoeleidomastoid 




Anterior siiperfieial view 


Digastrie (anterior belly) 
Digastrie (posterior belly) 


Thyrohyoid 


Thyroid gland 

eiaviele 

Sternothyroid 


Sternum 
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Table 9.4 


Tongue Muscles (See Figure 9.8) 


Musde 

Origin 

Insertion 

Nerve 

Aetion 

intrinsie Muscles 





Longitudinal, transverse, 
and vertieal (not illustrated) 

Within tongue 

Within tongue 

Hypoglossal 

Change tongue shape 

Extrinsic Muscles 





Genioglossus (jé'nì-ó-glos'us) 

Mental protuberance 
of mandible 

Tongue 

Hypoglossal 

Depresses and protmdes tongue 

Hyoglossus (hì'ó-glos'us) 

Hyoid 

Side of tongue 

Hypoglossal 

Retraets and depresses side 
of tongue 

Styloglossus (stì'ló-glos'Gs) 

Styloid proeess of 
temporal bone 

Tongue (lateral and 
inferior) 

Hypoglossal 

Retraets tongue 

Palatoglossus (pal-à-tó-glos'us) 

Soft palate 

Tongue 

Pharyngeal plexus 

Elevates posterior tongue 







Styloid proeess 


Palatoglossus 


Stylohyoid 


Styloglossus 


Hyoglossus 


Figure 9.8 Tongue Muscles 

As seen from the right side. 



Lateral víew 


Tongue 

Frenulum 

Genioglossus 

Mandible 
Geniohyoid 
Hyoid bone 


Tongue Movements 

The tongue is very important in mastieation and speeeh: (1) It 
moves food around in the mouth; (2) with the buccinator (see 
figure 9.6a), it holds food in plaee while the teeth grind it; (3) it 
pushes food up to the palate and baek toward the pharynx to 
initiate swallowing; and (4) it ehanges shape to modify sound 
during speeeh. The tongue eonsists of intrinsie and extrinsic 
muscles (table 9.4 and figure 9.8). The intrinsie muscles are 
entirely within the tongue and are named for their fiber orienta- 
tion. They are involved in ehanging the shape of the tongue. 
The extrinsic muscles are outside of the tongue but attaehed to 
it. They are named for their origin and insertion. The extrinsic 
muscles move the tongue about as a unit and also help ehange 
its shape. 


Tongue Rolling 

Y 

Everyone ean ehange the shape of the tongue, but not everyone 
ean roll the tongue into the shape of a tube.This ability apparently is 
partially eontrolled genetieally, but other faetors are involved. In 
some eases, one of a pair of identieal twins ean roll the tongue but 
the other twin eannot. It is not known exactly what tongue muscles 
are involved in tongue rolling, and no anatomieal differenees are 
reported between tongue rollers and nonrollers. 


7 Define the intrinsie and extrinsic tongue muscles and deseribe the 
movements they produce. 
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Table 9.5 


Muscles Moving the Head and Neek (See Figures 9.4a, 9.9, and 9.10) 


Musde 

Origin 

Insertion 

Nerve 

Aetion 

Levator scapulae 

Transverse proeesses of 

Superior angle of 

Dorsal scapular 

Laterally flexes neek; 

(lè-và'tor, le-và'ter 

C1-C4 

scapula 


elevates, retraets, and 

skap'u-lè) 




rotates scapula 

Sealene (skà'lèn) muscles 

C2-C6 

First and seeond ribs 

Cervical and braehial 

Flex, laterally flex, and 




plexuses 

rotate neek 

Semispinalis eapitis 

C4-T6 

Oeeipital bone 

Dorsal rami of eervieal 

Extends and rotates head 

(sem'è-spì-nà'lis 

ka'pì-tis) 



nerves 


Splenius eapitis 

C4-T6 

Superior nuchal line and 

Dorsal rami of eervieal 

Extends, rotates, and 

(splè'nè-us ka'pì-tis) 


mastoid proeess 

nerves 

laterally flexes head 

Splenius eervieis 

Spinous proeesses 

Transverse proeesses 

Dorsal rami of eervieal 

Rotates and extends neek 

(splè'nè-us ser-vì'sis) 

of C3-C5 

ofC1-C3 

nerves 


Sternoeleidomastoid 

Manubrium and medial 

Mastoid proeess and 

Aeeessory 

One eontraeting alone: 

(ster'nó-klì'dó-mas'toyd) 

elaviele 

superior nuchal line 

(eranial nerve XI) 

laterally flexes head and 
neek to same side and 
rotates the head and neek 
to opposite side 





Both eontraeting together: 





flexes neek 

Trapezius (tra-pè'zè-us) 

Oeeipital protuberance, 

Clavicle, aeromion, and 

Aeeessory 

Extends and laterally 


nuchal ligament, spinous 
proeesses of C7-T12 

scapular spine 

(eranial nerve XI) 

flexes head and neek 

V 




/ 


Semispinalis eapitis 


Splenius eapitis 


Sternoeleidomastoid 


Trapezius 


Seventh eervieal 
vertebra 


Splenius 

eervieis 



Levator 

scapulae 




Posterior view 


Figure 9.9 Superficial Neek Muscles ap RJ 


Head and Neek Movements 

The head and neek are moved by posterior, lateral, and anterior 
neek muscles (table 9.5). The trapezius (tra-pé'zé-us) and 
splenius eapitis (splé'né-us ka'pi-tis) on the posterior neek 
are the major superficial muscles extending the head and neek 

(figure 9.9). 

Tfie lateral neek muscles are involved with rotation, flexion, 
and lateral flexion of the head and neek (see figure 9.4^). Tfie 
sternoeleidomastoid (ster'nó-kll'dò-mas'toyd) muscle is the 
prime mover of the lateral muscle group. Depending on what 
other neek muscles are doing, the sternoeleidomastoid muscles 
are involved with different movements of the head and neek. 
While the head is held level, eontraetion of one sternoeleidomas- 
toid muscle helps rotate the head to the opposite side. Contraction 
of one sternoeleidomastoid muscle ean also laterally flex the head 
and neek to the same side and rotate the neek so that the ehin 
turns to the opposite side, as occurs with an upward sideways 
glanee. Contraction of both sternoeleidomastoid muscles results 
in flexion of the neek, as occurs when lifting the head off the 
ground while supine. 

Deep neek muscles are loeated along the vertebral column. The 
deep posterior neek muscles (figure 9.10) extend, rotate, and laterally 
flex the head and neek, whereas the deep anterior neek muscles (not 
illustrated) flex the head. 
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Tortieollis 

Tortieollis (tor-ti-kol'is, twisted neek), or wry neek, is an abnormal 
twisting or bending of the neek. It ean be caused by damage to the 
sternoeleidomastoid muscle, resulting in fibrous tissue formation 
and contracture of the muscle. Damage to an infant's neek muscles 
because of interuterine positioning or a difficult birth may cause 
tortieollis. In most eases, the sternoeleidomastoid fibrosis resolves 
spontaneously. Spasmodie tortieollis ean occur in adults and may 
have many causes. It is eharaeterized by intermittent eontraetion of 
neek rrmseles, espeeially the sternoeleidomastoid and trapezius, 
resulting in rotation, flexion, and extension of the neek and elevation 
of the shoulder. 


8 Name the major movements of the head caused by eontraetion of 
the trapezius, splenius eapitis, and sternoeleidomastoid muscles. 

9 What movements of the head and neek are produced by the lateral 
and deep neek muscles? 


Prediet 



The parallel ridges or"grain"on the surface of muscles in muscle drawings rep- 
resent muscle fasciculi (bundles). Shortening of the right sternoeleidomastoid 
muscle rotates the head in which direetion? 


9.3 Triink Muscles 

Baek Muscles 

The muscles that extend, laterally flex, and rotate the vertebral 
column are divided into superficial and deep groups (table 9.6 and 
see figure 9.10). The superficial muscles are eolleetively ealled the 
ereetor spinae (spì'né), which literally means the muscles that 
make the spine ereet. The ereetor spinae eonsist of three sub- 
groups: the ilioeostalis (iré-ò-kos-tà'lis), the longissimiis (lon- 
gis'i-mus), and the spinalis (sp-I-nà'lis). The longissimus group 
accounts for most of the muscle mass in the lower baek. In general, 
the muscles of the ereetor spinae extend from the vertebrae to the 
ribs or from rib to rib, whereas the muscles of the deep group 
attaeh between the transverse and spinous proeesses of individual 
vertebrae. 

10 List the aetions ofthe group of baek muscles that attaehes to the 
vertebrae or ribs (or both). What is the name of the superficial group? 


Baek Pain 

Low baek pain ean result from poor posture, from being over- 
weight, or from having a poor fìtness level. A few ehanges may help: 
sitting and standing up straight; using a low-back support when sit- 
ting; losing weight; exercising, espeeially the baek and abdominal 
muscles; and sleeping on your side on a fìrm mattress. Sleeping on 
your side all night, however, may be difficult because most people 
ehange position over 40 times during the night. 


Abdominal wall Muscles 

Muscles of the abdominal wall (table 9.7 and figure 9.11) flex, later- 
ally flex, and rotate the vertebral column. Contraction of the 
abdominal muscles when the vertebral column is fixed deereases the 
volume of the abdominal eavity and the thoraeie eavity and ean aid 
in such fimetions as foreed expiration, vomiting, defeeation, urina- 
tion, and ehildbirth. The erossing pattern of the abdominal muscles 
ereates a strong anterior wall, which holds in and proteets the 
abdominal viseera. 

In a relatively muscular person with little fat, a vertieal indenta- 
tion extends from the xiphoid proeess of the sternum through the 
navel to the pubis. This tendinous area of the abdominal wall, ealled 
the linea alba (lin'é-à al'bà, white line), eonsists of dense eonneetive 
tissue rather than muscle. On eaeh side of the linea alba is a rectus 
abdominis (rek'tus ab-dom'i-nis, rectus , straight) muscle, which 
flexes the vertebral column. Tendinous interseetions eross the ree- 
tus abdominis at three or more loeations, causing the abdominal 
wall of a well-muscled lean person to appear segmented. The linea 
semilunaris (sem-é-loo-nar'is, a ereseent- or half-moon-shaped 
line) is a slight groove in the abdominal wall rnnning parallel to the 
lateral edge of eaeh rectus abdominis muscle. Lateral to eaeh rectus 
abdominis is three layers of muscle. From superficial to deep, these 
muscles are the external abdominal oblique, internal abdominal 
oblique, and transversus abdominis (trans-ver'shs ab-dom'i-nis) 
muscles. The fasciculi of these three muscle layers are oriented in 
different direetions to one another. When these muscles eontraet, 
they flex, laterally flex, and rotate the vertebral column or eompress 
the abdominal eontents. The lateral abdominal wall muscles eonneet 
to the linea alba by broad, thin tendons ealled aponeuroses. These 
aponeuroses pass anterior and posterior to the rectus abdominis, 
enveloping it in eonneetive tissue eolleetively ealled the rectus 
sheath (see figure 9.11£). 

11 List the miiseles of the anterior abdominal wall. What are their 
functions? 

12 Define linea alba, tendinous interseetion, linea semilunaris, and 
rectus sheath. 
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Third eervieal vertebra 


Sealene muscles 


Deep baek rrmseles 


Diaphragm 


Quadratus lumborum 


Figure 9.10 Deep Neek and Baek Miiseles 

On the right, the ereetor spinae group of muscles is shovvn. On 
the left, these muscles are removed to reveal the deeper baek 
muscles. 



Posterior view 


Splenius eapitis (cut) 

Semispinalis eapitis 

Levator scapulae (cut) 

Longissimus 

llioeostalis 

Longissimus 

Spinalis 

_ Ereetor 
spinae 

Longissimus 

llioeostalis 

llioeostalis 

Transversus abdominis 


Table 9.6 

Musde 

Ereetor spinae 
é-rek'tór spì' 
into three columns) 


llioeostalis 

(il'é-ò-kos-tà'lis) 

Sacrum, ilium, and 
angles of ribs 

Angles of ribs and transverse 
proeesses of vertebrae 

Cervical, thoraeie, and 
lumbar spinal nerves 

Extends, laterally flexes, and 
rotates vertebral column; 
maintains posture 

Longissimus 

(lon-gis'i-mus) 

Sacrum, transverse proeesses 
of lumbar, thoraeie, and 
lower eervieal vertebrae 

Transverse proeesses of 
vertebrae, angles of ribs, 
and mastoid proeess 

Cervical, thoraeie, and 
lumbar spinal nerves 

Extends head, neek, and 
vertebral column; 
maintains posture 

Spinalis (spl-nà'lis) 

Spinous proeesses of 

T11-L2 and C7 

Spinous proeesses of upper 
thoraeie vertebrae and axis 

Cervical and thoraeie, 
spinal nerves 

Extends neek and vertebral 
column; maintains posture 

Deep baek muscles 

Spinous and transverse 
proeesses of eaeh vertebrae 

Next superior spinous or 
transverse proeess, ribs, and 
oeeipital bone 

Spinal nerves 

Extends baekand neek, 
laterally flexes and rotates 
vertebral column 

Quadratus lumborum 
(kwah-drà'tus 
lum-bór'um) 

lliae erest and lower 
lumbar vertebrae 

Twelfth rib and transverse 
proeesses of upper four 
lumbar vertebrae 

Twelfth thoraeie and 
upper lumbar spinal 

nerves 

One aeting alone: laterally 
flexes vertebral column 
and depresses twelfth rib 


Both eontraeting together: 
extend vertebral column 




Muscles of the Baek (See Figure 9.10) 


■- ..... ■/ 

Origin Insertion Nerve Aetion 

(é-rek'tór, 
né; divides 
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Peetoralis major 


Latissimiis dorsi 


Serratus anterior 


Linea alba 


Linea semilunaris 


Umbilicus 


External abdominal 
oblique 

lliae erest 


lnguinal ligament 
lnguinal eanal 



Rectus abdominis 

(eovered by sheath) 

Rectus abdominis 

(sheath removed) 

External abdominal oblique 
Internal abdominal oblique 

Transversus abdominis 

Tendinous interseetion 


(a) Anterior view 


Linea semilunaris - 
Linea alba- 

Rectus abdominis 



(b) Superior view 


Skin 

Fat 

External abdominal oblique 

Internal abdominal oblique 
Transversus abdominis 

Transversalis faseia 

Parietal 

peritoneum 


Figlire 9.11 Anterior Abdominal Wali Muscles apr 

(a) Windows in the side reveal the various muscle layers. ( b ) Cross seetion superior to the umbilicus. 


Table 9.7 


Muscles of the Abdominal wall (See Figure 9.11) 


Musde 

Origin 

Insertion 

Nerve 

Aetion 


Anterior 

Rectus abdominis 

Pubic erest and 

Xiphoid proeess and 

Spinal nerves 

Flexes vertebral column; 


(rek'tus ab-dom'i-nis] 

symphysis pubis 

inferior ribs 

T7-T12 

eompresses abdomen 


External abdominal 

Fifth to twelfth ribs 

lliae erest, inguinal ligament, 

Spinal nerves 

Flexes and rotates vertebral 


oblique 


and rectus sheath 

T8-T12, L1 

column; eompresses 
abdomen; depresses 
thorax 


Internal abdominal 

lliae erest, inguinal ligament, 

Tenth to twelfth ribs 

Spinal nerves 

Flexes and rotates vertebral 


oblique 

and lumbar faseia 

and rectus sheath 

T8-T12, L1 

column; eompresses 
abdomen; depresses 
thorax 


Transversus abdominis 

Seventh to twelfth eostal 

Xiphoid proeess, linea 

Spinal nerves 

Compresses abdomen 


(trans-ver'sus 

eartilages, lumbar faseia, 

alba, and pubic tubercle 

T8-T12, L1 



ab-dom'i-nis) 

iliae erest, and inguinal 
ligament 
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Median raphe 



llrethra 


3 ír > ‘ ’i àJ- ' 


lschiocavernosus 

Bulbospongiosus 

Oentral tendon of perineum 

Deep transverse perineal 
Superficial transverse perineal 

v . 

— Levator ani 

isehial tuberosity 


Anus 


External anal sphineter — 


Gluteus maximus 


Coccyx 



Vagina 


(a) Male, inferior view 


(b) Female, inferior view 


Figure 9.12 Muscles of the Pelvie Floor and Perineum 


Table 9.8 


Muscles of the Pelvie Floor and Perineum (See Figure 9.12) 


Muscle 

Origin 

Insertion 

Nerve 

Aetion 

Bulbospongiosus 
(buTbó-spun 'jè-ò'sus) 

Male—eentral tendon of perineum 
and median raphe of penis 

Dorsal surface of penis 
and bulb of penis 

Pudendal 

Constricts urethra; 
ereets penis 


Female—eentral tendon of perineum 

Base of elitoris 

Pudendal 

Ereets elitoris 

Coccygeus (kok-si'jè-us) 

(not illustrated) 

isehial spine 

Coccyx 

S3 and S4 

Elevates and supports 
pelviefloor 

lschiocavernosus 

(ish'è-ó-kav'er-nó'sus) 

isehial ramus 

Corpus cavernosum 

Perineal 

Compresses base of 
penis or elitoris 

Levator ani 

(lè-và'tor, le-và'ter à'nì) 

Posterior pubis and isehial spine 

Sacrum and coccyx 

Fourth saeral 

Elevates anus; supports 
pelvie viseera 

External anal sphineter 
(à'nàl sfingk'ter) 

Coccyx 

Central tendon of 
perineum 

Fourth saeral 
and pudendal 

Keeps orifìee of anal 
eanal elosed 

External urethral sphineter 
(u-rè'thràl sfingk'ter) (not illustrated) 

Pubic ramus 

Median raphe 

Pudendal 

Constricts urethra 

Transverse perinei (pèr'i-nè'ì) 





Deep 

isehial ramus 

Median raphe 

Pudendal 

Supports pelviefloor 

Superficial 

isehial ramus 

Central perineal 

Pudendal 

Fixes eentral tendon 







Pelvie Floor and Perineum 

The pelvis is a ring of bone (see ehapter 7) with an inferior opening 
that is elosed by a muscular wall, the pelvie floor, through which the 
anus and the urogenital openings penetrate (table 9.8 and figure 9.12). 
Most of the pelvie floor is formed by the coccygeus (kok-si'jé-us) 
muscle and the levator ani (a'nl) muscle, referred to jointly as 
the pelvie diaphragm. The area inferior to the pelvie floor is the 
perinemn (per'i-né'um), which is somewhat diamond-shaped. The 
anterior half of the diamond is the urogenital triangle, and the poste- 
rior half is the anal triangle (see ehapter 24). The urogenital triangle 


eontains the external urethral sphineter, which allows voluntary 
eontrol of urination, and the external anal sphineter, which allows 
voluntary eontrol of defeeation. During pregnaney or delivery, the 
muscles of the pelvie diaphragm and perineum may be stretehed or 
torn, ehanging the position of the urinary bladder and urethra. As a 
result, stress urinary ineontinenee may develop, in which coughing 
or physieal exertion ean cause dribbling of urine. 

13 What openings penetrate the pelvie floor muscles? Name the area 
inferior to the pelvie floor. 
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Third eervieal vertebra 


Diaphragm 


First thoraeie vertebra 


External intereostals 


Oentral tendon 


Sternal part 
Costal part 


Lumbar part 
eonsisting of 
right and left 
crura 



Anterior sealene 
Middle sealene 

Posterior sealene 


Internal 

intereostals 


Inferior 
vena eava 


Esophagus 


Aorta 


(a) Anterior view 

Figlire 9.13 Muscles of the Thorax ap r 



Sternum 

External 

intereostals 



Internal 

intereostals 


(b) Lateral view 


Table 9.9 


Muscles of the Thorax (See Figure 9.13) 



Thoraeie Muscles 

The muscles of the thorax are involved mainly in the proeess of 
breathing (table 9.9 and figure 9.13). Contraction and relaxation of 
these muscles results in ehanges in thoraeie volume, which results in 
the movement of air into and out of the lungs (see ehapter 20). The 


dome-shaped diaphragm (dl'à-fram, a partition wall) causes the 
major ehange in thoraeie volume during quiet breathing. When it 
eontraets, the top of the diaphragm moves inferiorly, causing the 
volume of the thoraeie eavity to inerease. If the diaphragm or the 
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phrenie nerve supplying it is severely damaged, the amount of air 
moving into and out of the lungs may be so small that the individual 
is likely to die without the aid of an artifieial respirator. 

Muscles assoeiated with the ribs ehange thoraeie volume by 
moving the ribs. The external intereostals (in'ter-kos'tiilz, 
between ribs) inerease thoraeie volume by elevating the ribs during 
inspiration, whereas the internal intereostals deerease thoraeie 
volume by depressing the ribs during foreed expiration. The exter- 
nal intereostals form a sheet of muscles that is continuous with the 
external abdominal obliques. In a similar fashion, the internal 
intereostals are continuous with the internal abdominal obliques. 

When the vertebrae are fixed in position by neek muscles, the 
sealene (skà'lén) muscles elevate the first two ribs. This movement 
is important when taking a deep breath. When the ribs are fixed in 
position by the intereostals, the sealenes ean cause flexion, lateral 
flexion, and rotation of the neek (see table 9.5). Thus, the ends of 
a muscle ean cause different movements. 

14 Deseribe howthe diaphragm, intereostals, and sealenes ehange 
thoraeie volume. 


9.4 Scapular and llpper 

Limb Muscles 

Scapular Movements 

Trunk muscles form the major eonneetions of the scapula to the 
body (table 9.10 and figure 9.14). Remember that the scapula is 
attaehed to the rest of the skeleton only by the elaviele (see ehapter 7). 
The muscles attaehing the scapula to the thorax are the trapezius 
(tra-pé'zé-us, a four-sided figure with no sides parallel), levator 
scapulae (lé-và'tor skap'u-lé, lifter of the scapula), rhomboideus 
(rom-bò-id'é-us, rhomboid-shaped, an oblique parallelogram with 
unequal sides) major and minor, serratus (ser-à'tus, serrated, refer- 
ring to its appearanee on the thorax) anterior, and peetoralis 
(pek'tò-rà'lis, ehest) minor. These muscles move the scapula, per- 
mitting a wide range of movements of the upper limb, or aet as fix- 
ators to hold the scapula firmly in position when the arm muscles 
eontraet. The trapezius forms the upper line from eaeh shoulder to 
the neek, and the origin of the serratus anterior from the first eight 
or nine ribs ean be seen along the lateral thorax. The serratus anterior 
inserts onto the medial border of the scapula (see figure 9.l4c). 

15 Name six muscles that attaeh the scapula to the trnnk. As a group, 
what is the function of these muscles? 


Table 9.10 


Miiseles Aeting on the Seapiila (See Figure 


Muscle 


Origin 


Insertion 


Nerve 


Aetion 


Levator scapulae 
(lè-và'tor, le-và'ter skap'u-lè) 


Transverse proeesses of 
C1-C4 


Peetoralis minor (pek'tó-rà'lis) Third to fifth ribs 


Rhomboideus (rom-bó-id'è-us) 
Major 
Minor 


Serratus anterior 
(ser-à'tus) 


Trapezius (tra-pè'zè-us) 


Spinous proeesses ofT1-T4 
Spinous proeesses of C6-C7 


First to eighth or ninth ribs 


External oeeipital protuberance, 
ligamentum nuchae, and 
spinous proeesses of C7-T12 


Superior angle of scapula 


Coracoid proeess of scapula 


Medial border of scapula 
Medial border of scapula 


Medial border of scapula 


eiaviele, aeromion, and 
scapular spine 


Dorsal scapular 


Medial peetoral 


Dorsal scapular 
Dorsal scapular 


Long thoraeie 


Aeeessory and 
eervieal plexus 


Elevates, retraets, and rotates 
scapula; laterally flexes neek 

Depresses scapula or elevates ribs 


Retraets, rotates, and fixes scapula 

Retraets, slightly elevates, 
rotates, and fixes scapula 


Rotates and protraets scapula; 
elevates ribs 


Elevates, depresses, retraets, 
rotates, and fixes scapula; 
extends neek 








Trapeziiis 


Seventh eervieal 
vertebra 




Levator 

scapulae 


Rhomboideus 


minor 


Rhomboideus 

major 


Coracoid 
proeess 

Peetoralis 
minor (cut) 

Subscapularis 

Peetoralis 
major (cut) 

Bieeps braehii 


Latissimus dorsi 


Serratus anterior 



(a) Posterior view 


Peetoralis major (cut) 


Supraspinatus tendon 


Subscapularis 
Teres minor 


Three of four 
rotator cuff 
muscles 


Teres major (cut) 

Peetoralis minor 


Latissimus dorsi (cut) 


External abdominal 
oblique 


(b) Anterior view 


Scapula 


Humerus 


Figlire 9.14 Muscles Aeting on the Scapula ap r, 

{a) The trapezius is removed on the right to reveal the deeper muscles. (ò) The 
peetoralis major is removed on both sides.The peetoralis minor is removed on 
the right side. (c)The serratus anterior originates on the medial border of the 
scapula, passes deep to the scapula, and inserts on the ribs. 



Ribs 


Serratus anterior 


(e) Lateral view 
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Table 9.11 


Muscles Aeting on the Arm (See Figiires 9.15-9.17) 


Musde 

Origin 

Insertion 

Nerve 

Aetion 

Coracobrachialis 
(kór' à-kó-b r à-kè-à'1 i s) 

Coracoid proeess 
of scapula 

Midshaft of humerus 

Musculocutaneous 

Adducts arm and flexes shoulder 

Deltoid (del'toyd) 

eiaviele, aeromion, and 
scapular spine 

Deltoid tuberosity 
of humerus 

Axillary 

Flexes and extends shoulder; abducts 
and medially and laterally rotates arm 

Latissimus dorsi 
(là-tis'i-mus dór'sì) 

Spinous proeesses of 

T7-L5; sacrum and iliae 
erest; inferior angle of 
scapula in some people 

Medial erest of 
intertubercular groove 
of humerus 

Thoraeodorsal 

Adducts and medially rotates arm; 
extends shoulder 

Peetoralis major 
(pek'tó-rà'lis) 

Clavicle, sternum, superior 
six eostal eartilages, and 
external abdominal 
oblique aponeurosis 

Lateral erest of 
intertubercular groove 
of humerus 

Medial and lateral 
peetoral 

Flexes shoulder; adducts and 
medially rotates arm; extends 
shoulderfrom flexed position 

Teres major 
(ter'èz, tèr-èz) 

Lateral border of 
scapula 

Medial erest of 
intertubercular groove 
of humerus 

Lower subscapular 

C5 and C6 

Extends shoulder; adducts and 
medially rotates arm 

Rotator Cuff 





lnfraspinatus 

(in-frà-spì-nà'tus) 

lnfraspinous fossa 
of scapula 

Greater tubercle 
of humerus 

Suprascapular 

C5 and C6 

Laterally rotates arm; 
holds head of humerus in plaee 

Subscapularis 

(sub-skap-u-là'ris) 

Subscapular fossa 

Lesser tubercle 
of humerus 

Upper and lower 
subscapular 

C5 and C6 

Medially rotates arm; holds 
head of humerus in plaee 

Supraspinatus 

(soo-prà-spì-nà'tus) 

Supraspinousfossa 

Greater tubercle 
of humerus 

Suprascapular 

C5 and C6 

Abducts arm; holds head of humerus 
in plaee 

Teres minor 
(ter'èz, tèr-èz) 

Lateral border of scapula 

Greater tubercle 
of humerus 

Axillary C5 and C6 

Laterally rotates and adducts arm; 
holds head of humerus in plaee 


Arm Movements 

The muscles moving the arm are involved in flexion, extension, 
abduction, adduction, rotation, and circumduction (table 9.11). 
Muscles moving the arm have their origins on the trunk and 
scapula and insert on the arm. The trunk muscles moving the 
arm are the peetoralis major (figure 9.15) and the latissimus 


dorsi (là-tis'i-mus dòr'sl, wide baek) muscles (figure 9.16). 
Notiee that the peetoralis major muscle is listed in table 9.11 as 
both a flexor and an extensor of the shoulder. It flexes the 
extended shoulder and extends the flexed shoulder. Try these 
movements and notiee the position and aetion of the muscle. 


Deltoid (cut) 


Coracobrachialis 


Bieeps braehii 



Deltoid 

Peetoralis major 

Serratus anterior 


Figlire 9.15 Anterior Muscles Attaehing the llpper Limb to the Body A p R 
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Rotator cuff 


Levator scapulae 

Rhomboideus minor 
Rhomboideus major 


Supraspinatus 


lnfraspinatus 

Subscapularis 

(anterior to 
scapula and 
seen in 
figure 9.17) 

Teres minor 


Teres major 
Latissimus dorsi 


Twelfth thoraeie 
vertebra 


External abdominal 
oblique 


(a) Posterior view 



Figlire 9.16 Posterior Miiseles Attaehing the (Jpper Limb 

to the Body 

(a) Posterior view of leftshoulder and baek. (ò) Posteriorview ofthe leftshoulder 
and baek of a eadaver. (e) Surface anatomy of the left shoulder and baek. 


Trapezius — 
lnfraspinatus 


Deltoid- 

Teres minor- 

Teres major- 

Trieeps braehii- 
Latissimus dorsi 



(b) Posterior view 


Trapezius 

Deltoid 

lnfraspinatus 
Teres minor 

Teres major 

Trieeps braehii 
Latissirrms dorsi 



(e) Posterior view 


Muscles loeated in the shoulder move the arm: The deltoid 
(del'toyd, resembling the Greek letter delta) muscle, teres (ter'éz, 
tér-éz, round) major, and rotator cufFmuscles (see figures 9.15 and 
9.16). The deltoid muscle is like three rmiseles in one: The anterior 
fibers flex the shoulder, the lateral fibers abduct the arm, and the 
posterior fibers extend the shoulder. 

The rotator cuff muscles are the supraspinatus (above the 
spine of the scapula), infraspinatus (below the spine of the seap- 
ula), teres minor, and subscapularis (under the scapula). They ean 
be remembered with the mnemonie SITS: Supraspinatus, 
Infraspinatus, Teres minor, and Subscapularis. The rotator cuff 
muscles form a cuff or eap over the proximal humerus (figure 9.17). 


Although they ean cause movement of the arm, the primary func- 
tion of the rotator cuff muscles is holding the head of the humerus 
in the glenoid eavity. 

Muscles loeated in the arm move the arm: the eoraeobraehialis 
(kòr'à-kò-brà-ké-à'lis, attaehes to the eoraeoid proeess and the arm), 
bieeps (bl'seps, two heads) braehii (brà'ké-ì, arm), and the trieeps 
braehii (trì'seps, three heads). The aetions of the trunk, shoulder, and 
arm muscles on the shoulder and arm are summarized in table 9.12. 

Several muscles aeting on the arm ean be seen very elearly in the 
living individual. The peetoralis major forms the upper ehest, and the 
deltoids are prominent over the shoulders. The deltoid is a eommon 
site for administering injeetions. 
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Shoulder Pain 

A rotator cuff injury involves damage to one or more of the rotator 
cuff muscles or their tendons. Athletes, such as tennis players and base- 
ball pitehers, may tear their rotator cuffs. Such tears result in pain in the 
anterosuperior part of the shoulder. Older people may also develop 
such pain because of degenerative tendonitis ofthe rotator cuff.The 
supraspinatus tendon is the most eommonly affeeted part of the rota- 
tor cuff in either trauma or degeneration, probably because it has a 
relatively poor blood supply. Bieeps tendinitis, inflammation of the 
bieeps braehii long head tendon, ean also cause shoulder pain. This 
inflammation is eommonly caused by throvving a baseball or football. 
Pain in the shoulder ean also result from subacromial bursitis, vvhieh 
is inflammation of the subacromial bursa. 


16 Name the muscles loeated in the trunk, shoulder, and arm that move 
the arm. 

17 List the muscles forming the rotator cuff, and deseribe their function. 


Prediet 



A few muscles ean aet as their own antagonists because of the organization of 
their muscle fasciculi (bundles). For example, a muscle ean cause both flexion 
and extension. Name three muscles aeting on the arm and scapula that ean be 
their own antagonist. 


Forearm Movements 

Muscles of the arm and forearm produce flexion/extension of the 
elbow and pronation/supination of the forearm (table 9.13). The 
bieeps braehii and the braehialis (brà'ké-à'lis) are the large muscles 
of the anterior arm, whereas the trieeps braehii forms the posterior 
arm (figure 9.18). When a person is ealled on to “make a muscle,” it 
is likely the bieeps braehii will be used. The braehialis lies deep to the 
bieeps braehii and ean be seen only as a mass on the lateral and 
medial sides of the arm. The bieeps braehii and braehialis are often 


Aeromion 


lnfraspinatus — 

Greater tubercle 

Teres minor — 


Humerus 



eiaviele 

Coracoid proeess 

Supraspinatus 

Lesser tubercle 

Subscapularis 


Anterior view 

Figlire 9.17 Right Rotator Cuff Muscles 


mistakenly pereeived to be one muscle when they are not well 
defined. 

The bieeps braehii has two heads, the long and short heads, 
which attaeh to the scapula (see figure 9.18). The bieeps braehii 
inserts on the radial tuberosity. The braehialis originates on the 
humerus and inserts on the ulnar mberosity. Thus, the bieeps 
braehii pulls on and moves the radius, whereas the braehialis 
pulls on and moves the ulna. The trieeps braehii has three heads 
(see figure 9.18). The long head is attaehed to the scapula, 
whereas the medial and lateral heads are attaehed to the humerus 


Table 9.12 


Summary of Muscle Aetions on the Shoulder and Arm 


Flexion 

Extension 

Abduction 

Adduction 

Medial Rotation 

Lateral Rotation 

Deltoid 

Deltoid 

Deltoid 

Peetoralis major 

Peetoralis major 

Deltoid 

Peetoralis major 

Teres major 

Supraspinatus 

Latissimus dorsi 

Teres major 

lnfraspinatus 

Coracobrachialis 

Latissimus dorsi 


Teres major 

Latissimus dorsi 

Teres minor 

Bieeps braehii 

Peetoralis major 

Trieeps braehii 


Teres minor 

Trieeps braehii 

Coracobrachialis 

Deltoid 

Subscapularis 
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Table 9.13 


Muscles Aeting on the Forearm (See Figure 9.18) 


Miisde 

Origin 

Insertion 

Nerve 

Aetion 


Arm 






Bieeps braehii 
(bì'seps brà'kè-ì) 

Long head—supraglenoid 
tubercle 

Radial tuberosity and 
aponeurosis of bieeps 
braehii 

Musculocutaneous 

Flexes shoulder and elbow; 
supinates forearm and hand 



Short head—eoraeoid proeess 





Braehialis 
(brà' kè-à'lis) 

Anterior surface of humerus 

Ulnartuberosity and 
eoronoid proeess 
of ulna 

Musculocutaneous 
and radial 

Flexes elbow 


Trieeps braehii 
(trì'seps brà'kè-ì) 

Long head—infraglenoid 
tubercle on the lateral 
border of scapula 

Lateral head—lateral 
and posterior surface 
of humerus 

Oleeranon proeess 
of ulna 

Radial 

Extends elbow; extends 
shoulder and adducts arm 



Medial head—posterior 
humerus 





Forearm 

Anconeus 

(ang-kó'nè-us) 

Lateral epieondyle 
of humerus 

Oleeranon proeess and 
posterior ulna 

Radial 

Extends elbow 


Braehioradialis 
(brà' kè-ó-rà'dè-à'lis) 

Lateral supracondylar 
ridge of humerus 

Styloid proeess of radius 

Radial 

Flexes elbow 


Pronator quadratus 
(prò-nà'ter, pró-nà'tór 
kwah-drà'tus) 

Distal ulna 

Distal radius 

Anterior interosseous 

Pronates forearm 
(and hand) 


Pronator teres 
(pró-nà'tór ter'èz, tèr-èz) 

Medial epieondyle of 
humerus and 
eoronoid proeess 
of ulna 

Radius 

Median 

Pronates forearm (and hand) 


Supinator (soo'pi-nà'ter, 
soo'pi-nà'tór) 

Lateral epieondyle of 
humerus and ulna 

Radius 

Radial 

Supinatesforearm (and hand) 









(see fìgure 9.1). All three heads insert on the oleeranon proeess 
of the ulna. 

Muscles that eross two joints ean affeet movements of both 
joints. The bieeps braehii and the trieeps braehii (long head) eross 
the shoulder and elbow joints and ean cause both shoulder and 
elbow movements. Their role in elbow movements is usually 
emphasized. 

Flexion of the elbow is aeeomplished by the braehialis, the 
bieeps braehii, and the braehioradialis (brà'ké-ò-rà'dé-à'lis, 
eonneeted to the arm and radius bone) (see figure 9.18T). The 
braehialis is the prime mover for flexion of the elbow. The bra- 
ehioradialis forms a bulge on the anterolateral side of the forearm 
just distal to the elbow (figure 9.19). If the elbow is foreefìilly 
flexed when the forearm is held midway between pronation and 
supination, the braehioradialis stands out elearly on the forearm. 
Extension of the elbow is aeeomplished primarily by the trieeps 
braehii. 


Supination of the forearm is aeeomplished by the supinator 
and bieeps braehii. When the elbow is flexed, the bieeps bra- 
ehii is the more powerful supinator of the forearm. Pronation 
is a function of the pronator quadratus (kwah-drà'tíis) and 
the pronator teres. The supinator and pronator muscles are 
loeated in the forearm (see figure 9.19). 

18 List the miiseles that cause flexion and extension of the elbow. Where 
are these miiseles loeated? 

19 Supination and pronation of the forearm are produced by what 
muscles? Where are these muscles loeated? 


Prediet 



It is easier to do a chin-up with the forearm supinated than when the forearm is 
pronated. Explain. 
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Serratiis anterior (cut) 

Coracobrachialis 


Long head 
Short head 

Teres major 


_ Bieeps 
braehii 


Tendon of latissimus dorsi (cut) 


Long head 


Medial head 

Braehialis 


Trieeps braehii 


Medial epieondyle of humerus 

Bieeps braehii tendon 
Aponeurosis of bieeps braehii 


Pronator teres 


Radius 


(a) Anteromedial view 


Spine of scapula 


Trieeps 

braehii 


Long 

head 

Lateral 

head 



Aeromion 

eiaviele 

Deltoid 

Peetoralis major 

Bieeps braehii 

(long head) 

Braehialis 


Braehioradialis 


(b) Lateral view 


Trieeps braehii 


Long head - 
Lateral head 



Deltoid 


Bieeps braehii 
Braehialis 


Braehioradialis 


(e) Lateral view 


Deltoid 


Trieeps braehii 
(lateral head) 



Bieeps braehii 


Braehialis 


(d) Lateral view 


Figlire 9.18 Lateral Right Arm Muscles M'íR 

{a, ò)The right shoulder and arm. (e) The right shoulder and arm muscles of a eadaver. (d) Surface anatomy of the right shoulder and arm. 
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Table 9.14 


Muscles of the Forearm Aeting on the wrist, Hand, and Fingers 

(See Figures 9.19 and 9.20) 


Muscle 

Origin 

Insertion 

Nerve 

Aetion 

Anterior Forearm 





Flexor earpi radialis 
(kar'pìrà-dè-à'lis) 

Medial epieondyle 
of humerus 

Seeond and third 
metaearpal bones 

Median 

Flexes and abducts wrist 

Flexor earpi ulnaris 
(kar'pìul-nà'ris) 

Medial epieondyle 
of humerus and ulna 

Pisiform, hamate, and 
fifth metaearpal bone 

Ulnar 

Flexes and adducts wrist 

Flexor digitorum profundus 
(dij'i-tór'um pró-fun'dus) 

Ulna 

Distal phalanges of 
digits 2-5 

Ulnar and 
median 

Flexesfingers at 
metaearpophalangeal 
joints and interphalangeal 
joints and wrist 

Flexor digitomm superficialis 
(dij'i-tór'um soo'per- 
fish-è-à'lis) 

Medial epieondyle 
of humerus, eoronoid 
proeess, and radius 

Middle phalanges of 
digits 2-5 

Median 

Flexes fingers at interphalangeal 
joints and wrist 

Flexor pollieis longus 
(pol'i-sis lon'gus) 

Radius 

Distal phalanx of thumb 

Median 

Flexes thumb 

Palmaris longus 
(pawl-màr'is lon'gus) 

Medial epieondyle 
of humerus 

Palmar faseia 

Median 

Tenses palmar faseia; flexes wrist 

Posterior Forearm 





Abductor pollieis longus 
(pol'i-sis lon'gus) 

Posterior ulna and 
radius and 

interosseous 

membrane 

Base of first metaearpal bone 

Radial 

Abducts and extends thumb; 
abducts wrist 

Extensor earpi radialis brevis 
(kar'pì rà-dè-à'lis brev'is) 

Lateral epieondyle 
of humerus 

Base of third metaearpal bone 

Radial 

Extends and abducts wrist 

Extensor earpi radialis longus 
(kar'pì rà-dè-à'lis lon'gus) 

Lateral supracondylar 
ridge of humerus 

Base of seeond metaearpal bone 

Radial 

Extends and abducts wrist 

Extensor earpi ulnaris 
(kar'pì ul-nà'ris) 

Lateral epieondyle of 
humerus and ulna 

Base of fifth metaearpal bone 

Radial 

Extends and adducts wrist 

Extensor digiti minimi 
(dij'i-tl min'i-mì) 

Lateral epieondyle 
of humerus 

Phalanges of fifth digit 

Radial 

Extends little finger and wrist 

Extensor digitomm 
(dij'i-tór'um) 

Lateral epieondyle 
of humerus 

Extensor tendon expansion 
over phalanges of digits 2-5 

Radial 

Extends fingers and wrist 

Extensor indieis (in'di-sis) 

Ulna 

Extensor tendon expansion 
over seeond digit 

Radial 

Extends forefinger and wrist 

Extensor pollieis brevis 
(pol'i-sis brev'is) 

Radius 

Proximal phalanx of thumb 

Radial 

Extends and abducts thumb; 
abducts wrist 

Extensor pollieis longus 
(pol'i-sis lon'gus) 

Ulna 

Distal phalanx of thumb 

Radial 

Extends thumb 


Wrist, Hand, and Finger Movements 

Forearm muscles moving the wrist, hand, and fingers (table 9.14) 
are divided into anterior (see figure 9.19) and posterior groups 
(figure 9.20). The superficial anterior forearm muscles have their 
origin on the medial epieondyle of the humerus, whereas the 
superficial posterior forearm muscles have their origin on the 
lateral epieondyle. The deep muscles originate on the radius and 
ulna. 

The anterior forearm muscles are responsible for flexion of the 
wrist and fingers, whereas the posterior forearm muscles cause exten- 
sion of the wrist and fingers. Both groups work together to cause 
abduction and adduction of the wrist. 


'fr 

Tennis Elbow 

Forceful, repetitive use of the forearm extensor muscles ean dam- 
age them where they attaeh to the lateral epieondyle, resulting in 
inflammation and pain.This eondition is often ealled tennis elbow 
because it ean result from playing tennis. Other sports and aetivities, 
such as shoveling snow, ean cause the same type of injury and 
inflammation. Lateral epieondylitis, meaning inflammation of the 
lateral epieondyle, is a more deseriptive term for tennis elbow. 
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(b) Anterior view 


Figlire 9.19 Anterior Right Forearm and Hand Miiseles ìapìR. 

(a) Anteriorview of rightforearm and intrinsie hand muscles.The retinaculum (seefigure 9.3) has been removed. (ò) Deep muscles ofthe right anterior forearm.The 
braehioradialis, pronator teres, flexor earpi radialis and ulnaris, palmaris longus, and flexor digitorum superficialis muscles are removed. 
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(a) Posterior view 
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(b) Posterior view 
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Figlire 9.20 Posterior Right Forearm Muscles apir, 

( a ) Posterior view. (b) Deep muscles of the right posterior forearm.The extensor digitorum, extensor digiti minimi, and extensor earpi ulnaris muscles are cut to reveal 
deeper muscles. 
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Gluteus medius 


Gluteus maximus 


Posterior superior 
iliae spine 


Origin of 
gluteus maximus 


Saemrn 


Superior gemellus 


Coccyx 


Inferior gemellus 


isehial tuberosity 



lliae erest 

Origin of 
gluteus medius 

Gluteus minimus 


Piriformis 


Obturator internus 
Obturator externus 

Quadratus femoris 


(a) Posterior view (b) Posterior view 

Figlire 9.21 Right Gluteal and Deep Hip Muscles apr 

(a) Right hip, superficial muscles. ( b ) Right hip, deep muscles.The gluteus maximus and medius are removed. 


The tendons of the wrist flexors ean be seen on the anterior 
surface of the forearm proximal to the wrist when the wrist is flexed 
against resistanee. The tendon of the flexor earpi radialis (kar'pl-rà- 
dé-à'lis) is an important landmark because the radial pulse ean be felt 
just lateral to the tendon. 

The extrinsic hand muscles are muscles loeated outside of 
the hand that eontrol hand movements. These forearm muscles 
have tendons that extend into the hand. A strong band of 
fibrous eonneetive tissue, the retinaculum (ret-i-nak'u-lum, 
braeelet), eovers the flexor and extensor tendons and holds them 
in plaee around the wrist so that they do not a bowstring” during 
muscle eontraetion (see figures 9 . 19<2 and 20 a). The tendons of 
extrinsic hand muscles are readily seen on the posterior surface 
of the hand. 

The intrinsie hand muscles are entirely within the hand and are 
divided into three groups. The thenar (thé'nar, palm of hand) 
muscles form a fleshy prominenee at the base of the thumb on the 
palm ealled the thenar eminenee, and the hypothenar muscles form 
a fleshy mass on the medial side of the palm ealled the hypothenar 
eminenee (see figure 9 . 19 / 2 ). The midpalmar muscles are in the 
middle of the palm (see figure 9.19^). 

The extrinsic hand muscles are large and are responsible for 
powerful movement of the fingers, espeeially when grasping objeets. 
They also assist the wrist flexors and extensors. The intrinsie hand 
movements are responsible for abduction/adduction of the fingers 


and eontrol of the thumb and little finger, including opposition/ 
reposition movements. They also assist the extrinsic hand muscles 
in flexion/extension. 

20 Contrast the loeation and aetions of the anterior and posterior 
forearm muscles. Where isthe origin of most of the muscles of these 
groups? 

21 Contrast the loeation and aetions of the extrinsic and intrinsie hand 
muscles. What is the retinaculum? 

9.5 Hip and Lovver Limb 

Muscles 

Thigh Movements 

Several hip muscles originate on the coxal bone and insert onto the 
femur (table 9.15 and figure 9.21). They are the gluteal muscles, 
deep hip muscles, and anterior hip muscles. The gluteus (gloo- 
té'íds, buttock) maximus forms most of the buttock. The gluteus 
maximus fianetions at its maximum foree in extension of the hip 
when the hip is flexed at a 45-degree angle so that the muscle is 
optimally stretehed, which accounts for both the sprinter’s stanee 
and the bieyele raeing posrnre. The gluteus medius, a eommon site 
for injeetions, ereates a smaller mass just superior and lateral to the 
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Table 9.15 


Muscles Aeting on the Thigh (See Figures 9.21 and 


Muscle 

Origin 

Insertion 

Nerve 

Aetion 

Gluteal 

Gluteus maximus 
(gloo-tè'iB mak'si-mus) 

Posterior surface of ilium, 
sacrum, and coccyx 

Gluteal tuberosity of femur 
and iliotibial traet 

Inferior gluteal 

Extends hip; abducts and 
laterally rotatesthigh 

Gluteus medius 
(gloo-tè'us mè'dè-us) 

Posterior surface of ilium 

Greatertroehanter of femur 

Superior gluteal 

Abducts and medially 
rotates thigh; tilts pelvis 
toward supported side 

Gluteus minimus 
(gloo-tè'us min'i-mus) 

Posterior surface of ilium 

Greatertroehanter of femur 

Superior gluteal 

Abducts and medially 
rotates thigh; tilts pelvis 
toward supported side 

Deep Hip 

Gemellus (jè-mel'us) 





Inferior 

isehial tuberosity 

Obturator internus tendon 

L5 and S1 

Laterally rotates and abducts thigh 

Superior 

isehial spine 

Obturator internus tendon 

L5 and S1 

Laterally rotates and abducts thigh 

Obturator 

(ob'too-rà-tór) 





Externus 

(eks-ter'nus) 

Inferior margin of 
obturator foramen 

Greatertroehanter of femur 

Obturator 

Laterally rotates thigh 

lnternus (in-ter'nus) 

Interior margin of 
obturatorforamen 

Greater troehanter of femur 

L5 and S1 

Laterally rotates thigh 

Piriformis (pir'i-fór'mis) 

Sacrum and ilium 

Greater troehanter of femur 

S1 and S2 

Laterally rotates and abducts thigh 

Quadratusfemoris 
(kwah'-drà'tus fem'ò-ris) 

isehial tuberosity 

intertroehanterie ridge of femur 

L5 and S1 

Laterally rotates thigh 

Anterior Hip 

lliopsoas (il'è-ó-só'as) 





lliacus (il-ì'à-kíis) 

lliaefossa 

Lessertroehanter of femur 
and capsule of hip joint 

Lumbar plexus 

Flexes hip 

Psoas major (só'as) 

T12-L5 

Lessertroehanter of femur 

Lumbar plexus 

Flexes hip 







gluteus maximus. The gluteus minimus is deep to the gluteus 
medius. All of the gluteal muscles ean abduct the thigh. The gluteus 
medius and minimus muscles help tilt the pelvis and maintain the 
trunk in an upright posture during walking and rnnning. As a foot 
is raised off the ground, that side of the pelvis is no longer sup- 
ported from below. The gluteus minimus and medius on the oppo- 
site side eontraet, which prevents the hip from sagging on the 
unsupported side. 

The deep hip muscles and the gluteus maximus function as lat- 
eral thigh rotators. The gluteus medius and gluteus minimus are 
medial hip rotators (see table 9.15). 

The anterior hip muscles (figure 9.22) are the iliaeiis (il-l'à-kus, 
related to the ilium) and the psoas (sò'as, loin muscle) major. They 
often are referred to as the iliopsoas (iré-ò-sò'as) because they share 
an insertion and produce the same movement. Depending on which 
end of the muscle is fixed, flexion of the hip by the iliopsoas pro- 


duces different movements. When the thigh is fixed, the trunk 
moves relative to the thigh. For example, the iliopsoas does most of 
the work when a person does sit-ups. When the trunk is fixed, the 
thigh moves, as when elimbing stairs. 

Some of the muscles loeated in the thigh originate on the coxal 
bone and ean cause movement of the thigh when the trunk is fixed. 
The thigh muscles are grouped as the anterior, medial, and posterior 
eompartments. The anterior thigh muscles flex the hip, the posterior 
thigh muscles extend the hip, and the medial thigh muscles adduct 
the thigh (table 9.16). 

22 Deseribe the movements produced by the gluteal muscles and the 
deep thigh rotators. 

23 Name the muscle eompartments of the thigh and state the hip 
movements produced by eaeh eompartment. 
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(a) Anterior view 
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(b) Anterior view 


(e) Anterior view 


Figlire 9.22 Right Anterior Hip and Thigh Muscles apír 

{a) Right anterior hip and thigh. (ò) Photograph of the right anterior thigh muscles in a eadaver. (e) Surface anatomy of the right anterior thigh. 
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Table 9.16 


Muscles of the Thigh (See Figures 



Origin 

Insertion 


Aetion 


Musde 

Nerve 

Anterior Compartment 

Quadricepsfemoris 


Patella and onto tibial 

Femoral 

Extends knee; rectus 


(kwah'dri-seps 


tuberosity through patellar 


femoris also flexes hip 


fem'ó-ris) 


ligament for all four muscles 




Rectusfemoris 

anterior inferior 





rek'tiis fem'ò-ris 

iliae spine 





Vastus lateralis 

greater troehanter and 





vas'tus lat-ér-à'lis 

linea aspera of femur 





Vastus intermedius 

body of femur 





vas'tiis in'tér-mè'dè-us 






Vastus medialis 

linea aspera of femur 





vas'tOs mè'dè-à'lis 






Sartorius (sar-tór'è-us) 

Anterior superior 

Medial side of tibial tuberosity 

Femoral 

Flexes hip and knee; laterally 



iliae spine 



rotates and abducts thigh; 
medially rotates leg 


Tensor faseiae latae 

Anterior superior iliae spine 

Through iliotibial traet to 

Superior gluteal 

Flexes hip; abducts and 


(ten'sór fash'è-è là'tè) 


lateral eondyle of tibia 


medially rotates thigh; 
stabilizes femur on tibia 
when standing 


Medial Compartment 

Adductor brevis 

Pubis 

Peetineal line and linea 

Obturator 

Adducts and laterally rotates 


(a-duk'ter, a-duk'tór 
brev'is) 


aspera of femur 


thigh; flexes hip 


Adductor longus 

Pubis 

Linea aspera of femur 

Obturator 

Adducts and laterally rotates 


(a-duk'ter, a-duk'tór 
lon'gus) 




thigh; flexes hip 


Adductor magnus 

Adductor part: 

Adductor part: 

Adductor part: 

Adductor part: adducts thigh 


(a-duk'ter, a-duk'tór 

pubis and ischium 

linea aspera of femur 

obturator 

and flexes hip 


mag'nus) 

Hamstring part: 

Hamstring part: 

Hamstring part: 

Hamstring part: extends hip 



isehial tuberosity 

adductortubercle of femur 

tibial part of seiatie 



Graeilis (gras'i-lis) 

Pubis near symphysis 

Tibia 

Obturator 

Adducts thigh; flexes knee 


Pectineus 

Pubic erest 

Peetineal line 

Femoral and 



(pek'ti-nè'us) 


of femur 

obturator 

Adducts thigh; flexes hip 


Posterior Compartment 

Bieepsfemoris 

Long head—isehial 

Head of fibula 

Long head—tibial 

Flexes knee; laterally 


(bí'sepsfem'ó-ris) 

tuberosity 


part of seiatie 

rotates leg; extends hip 



Short head—femur 


Short head— 






eommon fibular 
part of seiatie 



Semimembranosus 

isehial tuberosity 

Medial eondyle of tibia 

Tibial part of seiatie 

Flexes knee; medially rotates 


(sem'è-mem-brà-nó'sus) 


and eollateral ligament 


leg; tenses capsule of knee 
joint; extends hip 


Semitendinosus 

isehial tuberosity 

Tibia 

Tibial part of seiatie 

Flexes knee; medially 


(sem'è-ten-di-nó'sus) 




rotates leg; extends hip 


_ 







Leg Movements 

Tfle anterior thigh mtiseles are the quadriceps (four heads) femoris 
(kwah'dri-seps fem'ó-ris), sartorms (sar-tòr'é-us, tailor), and tensor 
faseiae latae (ten'sór fash'é-é là'té) (see table 9.16 and figure 9.22). 
The quadriceps femoris is actually four muscles: the rectus femoris 
(rek'ms fem'ó-ris), the vastus (huge) lateralis (vas'rns lat-ér-à'lis), 
the vastus medialis (mé'dé-à'lis), and the vastus intermedius 


(in'tér-mé'dé-us). The quadriceps group extends the knee. The 
rectus femoris also flexes the hip because it erosses the hip joint. 

The quadriceps femoris makes up the large mass on the anterior 
thigh (see figure 9.22c). The vastus lateralis sometimes is used as an 
injeetion site, espeeially in infants who may not have well-developed 
deltoid or gluteal muscles. The nmseles of the quadriceps femoris 
have a eommon insertion, the patellar tendon, on and around the 
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Figlire 9.23 Right Medial Thigh Muscles 


isehial tuberosity 

Adductor magnus 


Hamstrings 


Semitendinosus 
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Figure 9.24 Right Posterior Thigh Muscles 

Hip muscles have been removed. 


patella. The patellar ligament is an extension of the patellar tendon 
onto the tibial tuberosity. The patellar ligament is the point that is 
tapped with a rnbber hammer when testing the knee-jerk reflex in a 
physieal examination. 

The sartorius is the longest muscle of the body, erossing from the 
lateral side of the hip to the medial side of the knee (see figure 9.22). 
As the muscle eontraets, it flexes the hip and knee and laterally 
rotates the thigh. This movement is the aetion required for erossing 
the legs. The term sartorius means tailor. The sartorius muscle is 
so-named because its aetion is to eross the legs, a eommon position 
traditionally preferred by tailors because they ean hold their sewing 
in their lap as they sit and sew by hand. 

The tensor faseiae latae (fash'é-é là'té) extends from the lateral 
side of the hip to the lateral eondyle of the tibia through a eonneetive 
tissue band, ealled the iliotibial traet (see figure 9.22 a). The ilio- 
tibial traet is a thiekening of the faseia lata, which is muscular faseia 
(see ehapter 8) surrounding the thigh muscles like a supportive 
stoeking. The tensor faseiae latae flexes the hip and helps stabilize the 
femur on the tibia when standing. 


One of the medial thigh muscles, the graeilis (gras'i-lis, slen- 
der), flexes the knee. The medial thigh muscles (figure 9.23) are 
involved primarily in adduction of the thigh. Some of them cause 
flexion of the hip, extension of the hip, or lateral rotation of the 
thigh. An adductor strain, or “pulled groin,” involves one or more of 
the adductor muscles, the adductor longus being the most eom- 
monly damaged. The damage usually occurs at the musculotendon 
junction, near its origin. 

The posterior thigh muscles eonsist of the bieeps femoris, semi- 
membranosus (sem'é-mem-brà-nò'sus), and semitendinosus (sem'é- 
ten-di-nò'sus) (figure 9.24). They flex the knee. Their tendons are 
easily seen or felt on the medial and lateral posterior aspeet of a 
slightly bent knee. The posterior thigh muscles are eolleetively ealled 
the hamstrings because in pigs these tendons ean be used to suspend 
hams during curing. Some animals, such as wolves, often bring down 
their prey by biting through the hamstrings; therefore, “to hamstring” 
someone is to render the person helpless. A hamstring strain, or 
“pulled hamstring,” results from tearing one or more of these muscles 
or their tendons. The bieeps femoris is most eommonly damaged. 
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Table 9.17 


Siimmary of Muscle Aetions on the Hip and Thigh 


Flexion 

Extension 

Abduction 

Adduction 

Medial Rotation 

Lateral Rotation 

lliopsoas 

Gluteus maximus 

Gluteus maximus 

Adductor magnus 

Gluteus medius 

Gluteus maximus 

Tensor faseiae latae 

Semitendinosus 

Gluteus medius 

Adductor longus 

Gluteus minimus 

Obturator internus 


Semimembranosus 

Gluteus minimus 

Adductor brevis 

Tensor faseiae latae 

Obturator externus 

Rectusfemoris 

Bieeps femoris 

Tensor faseiae 

Pectineus 


Superior gemellus 

Sartorius 

Adductor magnus 

latae 

Graeilis 


Inferior gemellus 

Adductor longus 


Obturator internus 



Quadratus femoris 

Adductor brevis 


Gemellus superior 



Piriformis 



and inferior 




Pectineus 


Piriformis 



Adductor magnus 

Adductor longus 

Adductor brevis 


Table 9.18 


Muscles of the Leg Aeting on the Leg and Foot (See Figures 9.25 and 9.26) 


Muscle 

Origín 

Insertion 

Nerve 

Aetion 

Anterior Compartment 





Extensor digitorum longus 
(dij'i-tór-um lon'gus) 

Lateral eondyle of tibia 
and fibula 

Four tendons to phalanges 
of four lateral toes 

Deep fibular* 

Extends four lateral toes; 
dorsiflexes and everts foot 

Extensor hallucis longus 
(hal'i-sis lon'gus) 

Middle fibula and 

interosseous membrane 

Distal phalanx ofgreat toe 

Deep fibular* 

Extends great toe; dorsiflexes 
and invertsfoot 

Tibialis anterior (tib-è-à'lis) 

Proximal, lateral tibia and 
interosseous membrane 

Medial cuneiform and 
first metatarsal bone 

Deep fibular* 

Dorsiflexes and inverts foot 

Fibularis tertius 
(peroneustertius) 

(fib-u-là'ris ter'shè-us) 

Fibula and interosseous 
membrane 

Fifth metatarsal bone 

Deep fibular* 

Dorsiflexes and everts foot 

Lateral Compartment 

Fibularis brevis 
(peroneus brevis) 

(fib-u-là'ris brev'is) 

Inferior two-thirds of 
lateral fìbula 

Fifth metatarsal bone 

Superficial 

fibular* 

Everts and plantar 
flexes foot 

Fibularis longus 
(peroneus longus) 

(fib-u-là'ris lon'gOs) 

Superior two-thirds 
of lateral fibula 

First metatarsal boneand 
medial cuneiform 

Superficial 

fibular* 

Everts and plantar flexes foot 

Posterior Compartment 

Superficial 





Gastrocnemius 

(gas-trok-nè'mè-us) 

Medial and lateral 
eondyles of femur 

Through ealeaneal (Aehilles) 
tendon to calcaneus 

Tibial 

Plantar flexes foot; 
flexes knee 

Plantaris (plan-tàr'is) 

Femur 

Through ealeaneal 
tendon to calcaneus 

Tibial 

Plantar flexes foot; 
flexes knee 

Soleus (só-lè'us) 

Fibula and tibia 

Through ealeaneal 
tendon to calcaneus 

Tibial 

Plantar flexes foot 

Deep 





Flexor digitorum longus 
(dij'i-tór'íim lon'gus) 

Tibia 

Four tendons to distal 
phalanges of four lateral toes 

Tibial 

Flexes four lateral toes; flexes 
and invertsfoot 

Flexor hallucis longus 
(hal'i-sis lon'gus) 

Fibula 

Distal phalanx of great toe 

Tibial 

Flexes great toe; plantar 
flexes and inverts foot 

Popliteus (pop-li-tè'us) 

Lateral femoral eondyle 

Posterior tibia 

Tibial 

Flexes knee; medially rotates leg 

Tibialis posterior 
(tib-è-à'lis) 

Tibia, interosseous 
membrane, and fibula 

Navicular, cuneiforms, 
cuboid, and seeond through 
fourth metatarsal bones 

Tibial 

Plantar flexes and 
invertsfoot 


*Also referred to as the peroneal nerve. 
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(a) Anterior view 

Figlire 9.25 Right Anterior and Lateral Leg Muscles Lapír 

(a) Anterior view of the right leg. (ò) Lateral view of the right leg. 


Gastrocnemius 


Soleus 


Fibularis 

(peroneus) 

longus 

(cut) 

Fibularis 

(peroneus) 

brevis 


Tendon of 
fibularis 
longus (cut) 



Anterior 

eompartment 

muscles 


(b) Lateral view 


Table 9.17 summarizes muscle aetions on the hip and thigh. 

24 List the muscles of eaeh thigh eompartment and the individual aetion 
of eaeh muscle. 

25 How is it possible for thigh muscles to move both the thigh and the 
leg? Name six muscles that ean do this. 


Foot and Toe Movements 

The extrinsic foot muscles are muscles loeated outside of the foot 
that eontrol foot movements (table 9.18). These leg muscles are 
divided into three eompartments: anterior, posterior, and lateral. The 
anterior leg muscles (figure 9.25^) are extensor muscles involved in 
dorsiflexion and eversion or inversion of the foot and extension of 
the toes. The tendons of these rmiseles lie along the dorsum (top) of 
the foot. 


Shin Splints 

Shin splints is a eatehall term involving any one of the follow- 
ing four eonditions assoeiated with pain in the anterior portion of 
the leg: 

1. Excessive stress on the tibialis anterior, resulting in pain along 
the origin of the muscle 

2. Tibial periostitis, an inflammation of the tibial periosteum 

3. Anterior eompartment syndrome. During hard exercise, the an- 
terior eompartment muscles may swell with blood.The overlying 
faseia is very tough and does not expand; thus, the nerves and 
vessels are eompressed, causing pain. 

4. Stress fracture of the tibia 2-5 em distal to the knee 
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(a) Posterior view 


(b) Posterior view 


(e) Posterior view 


Figlire 9.26 Right Posterior Leg Muscles apìR. 

{a) Superficial muscles. (ò) Gastrocnemius is removed. (e) Deep muscles. Gastrocnemius, plantaris, and soleus muscles are removed. 


The lateral leg muscles (figure 9.25 b) are primarily everters of 
the foot, but they also aid plantar flexion. The tendons of these two 
muscles pass posterior to the lateral malleolus to insert on the lateral 
side of the foot. 

The posterior eompartment is divided into superficial and deep 
groups (figure 9.26). The superficial muscles of the posterior eom- 
partment are powerful plantar flexors of the foot. The gastrocnemius 
(gas-trok-né'mé-us, ealf of the leg) and soleus (sò-lé'us, sole of foot) 
form the bulge of the ealf of the leg. They join with the small 
plantaris muscle to form the eommon ealeaneal (kal-kà'né-al), or 
Aehilles, tendon. The Aehilles tendon derives its name from a hero 
of Greek mythology. When Aehilles was a baby, his mother dipped 
him into magie water, which made him invulnerable to harm every- 
where the water touched his skin. His mother, however, held him by 
the heel and failed to submerge this part of his body under the water. 
Consequently, his heel was vulnerable and proved to be his undoing; 
he was shot in the heel with an arrow at the battle of Troy and died. 
Thus, saying that someone has an “Aehilles heel” means that the 
person has a weak spot that ean be attaeked. 

The tendons of the deep muscles of the posterior eompart- 
ment pass posterior to the medial malleolus to insert on the plan- 


tar surface of foot bones. They plantar flex and invert the foot and 
flex the toes. 

intrinsie foot muscles, loeated within the foot itself, flex, 
extend, abduct, and adduct the toes. They are arranged in a manner 
similar to that of the intrinsie muscles of the hand. 


Plantar Faseiitis 

^4 

The muscles in the plantar region of the foot are eovered with 
thiek faseia and the plantar aponeurosis. Running on a hard surface 
wearing poorly fìtting or worn-out shoes ean result in inflammation 
of the plantar aponeurosis. The pain resulting from plantar faseiitis 
occurs in the faseia over the heel and along the medial-inferior side 
of the foot. 


26 What movements are produced by eaeh of the three muscle 
eompartments of the leg? 

27 List the general aetions performed by the intrinsie foot muscles. 
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Relevanee 


Bodybuilding 


Bodybuilding is a popular sport 
vvorldvvide. Partieipants in this sport eom- 
bine diet and speeifie vveight training to 
develop maximum muscle mass and mini- 
mum body fat, vvith their major goal being a 
vvell-balaneed, eomplete physique. An unin- 
formed, untrained muscle builder ean build 
some rrmseles and ignore others; the result 
is a disproportioned body. Skill, training, 
and eoneentration are required to build a 
vvell-proportioned, muscular body and to 
knovv vvhieh exercises build a large number 
of muscles and vvhieh are speeialized to 
build eertain parts of the body. Is the old 
adage"no pain, no gain"correct? Not really. 
Overexercising ean cause small tears in mus- 
eles and soreness. Torn muscles are vveaker, 
and it may take up to 3 vveeks to repair the 
damage, even though the soreness may last 
only 5-10 days. 

Bodybuilders eoneentrate on inereas- 
ing skeletal muscle mass. Endurance tests 
conducted years ago demonstrated that 
the cardiovascular and respiratory abilities 
of bodybuilders vvere similar to the abilities 
of normal, healthy persons untrained in a 
sport. More reeent studies, hovvever, indi- 
eate that the eardiorespiratory fitness of 
bodybuilders is similartothatof other vvell- 
trained athletes. The differenee betvveen the 
results of the nevv studies and those of the 
older ones is attributed to modern bodybuild- 
ing techniques that include aerobie exercise 
and mnning, as vvell as"pumping iron." 


Lateral view 


Anterior view 


Figlire 9.27 Bodybuilders 

Name as many nrmseles as you ean in these photographs. 


Bodybuilding has its ovvn language. 
Bodybuilders refer to the "lats," "traps," and 
"delts" rather than the latissirrms dorsi, tra- 
pezius, and deltoids.The exercises also have 
speeial names, such as "lat pulldowns," 
"preaeher curls,"and"triceps extensions." 

Photographs of bodybuilders are very 
useful in the study of anatomy because they 


enable the easy identifieation of the surface 
anatomy of rrmseles that eannot usually be 
seen in untrained people (fìgure 9.27). 
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ANATOMY & PHYSIOLOGY 


Summary 


9.1 General Prineiples <p. 230) 

1. The less movable end of a muscle attaehment is the origin; the more 
movable end is the insertion. 

2. An agonist causes a eertain movement and an antagonist aets in 
opposition to the agonist. 

3. Synergists are muscles that function together to produce movement. 

4. Prime movers are mainly responsible for a movement. Fixators stabilize 
the aetion of prime movers. 

Nomenclature 

Muscles are named aeeording to their loeation, size, shape, orientation of 
fasciculi, origin and insertion, number of heads, and Rmetion. 


Movements Aeeomplished by Muscles 

Contracting muscles generate a foree that aets on bones (levers) aeross joints 
(levers) to ereate movement. 

Muscle Anatomy 

Superficial skeletal muscles are illustrated. 

Pronouncing Muscle Names 

Tbere ean be more than one aeeeptable pronunciation for muscle names. 
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9.2 Head and Neek Muscles <p. 234) 

Faeial Expression 

Origins of faeial muscles are on skull bones or faseia; insertions are into the 
skin, causing movement of the faeial skin, lips, and eyelids. 

Movement of the Mandible 

The temporalis and masseter muscles elevate the mandible; gravity opens 
the jaw. The digastrie depresses the mandible. The pterygoids move the 
mandible from side to side. 

Tongue Movements 

intrinsie tongue muscles ehange the shape of the tongue; extrinsic tongue 
muscles move the tongue. 

Head and Neek Movements 

Origins of the muscles that cause these movements are mainly on the 
eervieal vertebrae (except for the sternoeleidomastoid). They cause flexion, 
extension, rotation, and lateral flexion of the head and neek. 

9.3 Trunk Muscles <p. 241) 

Baek Muscles 

1. These muscles extend, laterally flex, and rotate the vertebral column. 
They also hold the vertebral column ereet. 

2. A superficial group of muscles, the ereetor spinae, runs from the pelvis 
to the skull, extending from the vertebrae to the ribs. 

3. A deep group of muscles eonneets adjaeent vertebrae. 

Abdominal wall Muscles 

Abdominal wall muscles hold and proteet abdominal organs and cause 
flexion, rotation, and lateral flexion of the vertebral column. They also 
eompress the abdomen. 

Pelvie Floor and Perineum 

These muscles support the abdominal organs inferiorly. 

Thoraeie Muscles 

1. Most respiratory movement is caused by the diaphragm. 

2. Muscles attaehed to the ribs aid in respiration. 

9.4 Scapular and llpper Lòmb Muscles (p. 246 ) 

Scapular Movements 

Six muscles attaeh the scapula to the trunk and enable the scapula to 
hmetion as an anehor point for the muscles and bones of the arm. 


Arm Movements 

Nine muscles attaeh the humerus to the scapula. Two additional muscles 
attaeh the humerus to the trunk. These muscles cause flexion and 
extension of the shoulder and abduction, adduction, rotation, and 
circumduction of the arm. 

Forearm Movements 

1. Flexion and extension of the elbow are aeeomplished by three muscles 
loeated in the arm and two in the forearm. 

2. Supination and pronation of the forearm are aeeomplished by forearm 
muscles. The bieeps braehii also supinates the forearm. 

Wrist, Hand, and Finger Movements 

1. Forearm muscles that originate on the medial epieondyle are 
responsible for flexion of the wrist and fingers. Muscles extending the 
wrist and fingers originate on the lateral epieondyle. 

2. Extrinsic hand muscles are in the forearm. intrinsie hand muscles are in 
the hand. 

9.5 Hip and Lower Limb Muscles <p. 255) 

Thigh Movements 

1. The gluteus maximus extends the hip. The gluteus medius and minimus 
help hold the hip level while walking or running. 

2. Deep hip muscles laterally rotate the thigh. 

3. Anterior hip muscles flex the hip. 

4. The thigh ean be divided into three eompartments. 

■ The anterior eompartment muscles flex the hip. 

■ The posterior eompartment muscles extend the hip. 

■ The medial eompartment muscles adduct the thigh. 

Leg Movements 

1. Anterior thigh muscles extend the knee (quadriceps femoris), flex the 
knee (sartorius), and stabilize the knee (tensor faseiae latae). 

2. Posterior thigh muscles flex the knee. 

3. One medial thigh muscle flexes the knee (graeilis). 

Foot and Toe Movements 

1. The leg is divided into three eompartments. 

■ Muscles in the anterior eompartment cause dorsiflexion, inversion, 
or eversion of the foot and extension of the toes. 

■ Muscles of the lateral eompartment plantar flex and evert the foot. 

■ Muscles of the posterior eompartment flex the leg, plantar flex and 
invert the foot, and flex the toes. 

2. intrinsie foot muscles flex or extend and abduct or adduct the toes. 


Review and eomprehension 


9.1 General Prineiples <p. 230) 

1. Muscles that oppose one another are 

a. synergists. e. hateful. e. fixators. 

b. levers. d. antagonists. 

2. The most movable attaehment of a muscle is its 

a. origin. e. faseia. 

b. insertion. d. belly. 


3. The muscle whose name means it is larger and round is the 

a. gluteus maximus. 

b. vastus lateralis. 
e. teres major. 

d. latissimus dorsi. 

e. adductor magnus. 
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9.2 Head and Neek Muscles <p. 234 ) 

4. Harry Wolf has just pieked up his date for the evening. She is wearing a 
smnning new outfit. Harry shows his appreeiation by moving his 
eyebrows up and down, winking, smiling, and finally kissing her. Given 
the muscles listed: 

1. zygomaticus major and minor 

2. levator labii superioris 

3. oeeipitofrontalis 

4. orbicularis oris 
3. orbicularis oculi 

In which order did Harry use these muscles? 

a. 2,3,4,1 e. 2,3,4,3 e. 3,5,2,4 

b. 2,5,3,1 d. 3,5,1,4 

5. An aerial circus performer who supports herself only by her teeth while 
spinning around should have strong 

a. temporalis muscles. 

b. masseter muscles. 
e. buccinator muscles. 

d. both a and b. 

e. all of the above. 

The digastrie muscles 

a. depress the mandible. 

b. move the mandible from side to side. 
e. move the larynx during swallowing. 

d. are infrahyoid muscles. 

The tongue curls and folds primarily because of the aetion of the 

a. extrinsic tongue muscles. 

b. intrinsie tongue muscles. 

A prominent lateral muscle of the neek that ean cause rotation and 
lateral flexion of the head is the 

a. digastrie. 

b. mylohyoid. 

e. sternoeleidomastoid. 

d. buccinator. 

e. platysma. 

9.3 Trunk Muscles (p. 241 ) 

9. Which of these movements is not caused by eontraetion of the ereetor 
spinae muscles? 

a. flexion of the vertebral column 

b. lateral flexion of the vertebral column 
e. extension of the vertebral column 

d. rotation of the vertebral column 

10. Which of these muscles is (are) responsible for flexion of the vertebral 
column (below the neek)? 

a. deep baek muscles 

b. sealene muscles 

e. rectus abdominis 

d. both a and b 

e. all of the above 

11. Given these muscles: 

1. external abdominal oblique 

2. internal abdominal oblique 

3. transversus abdominis 

Choose the arrangement that lists the muscles from most superficial to 

a. 1,2,3 e. 2,1,3 

b. 1,3,2 d. 2,3,1 



6 . 

7 . 

8 . 


12. The diaphragm 

a. moves inferiorly, inereasing thoraeie volume. 

b. moves the ribs inferiorly during foreed expiration. 

e. raises the superior two ribs when taking a deep breath. 

d. a and b. 

13. Tendinous interseetions 

a. attaeh the rectus abdominis muscles to the xiphoid proeess. 

b. divide the rectus abdominis muscles into segments. 

e. separate the rectus abdominis from the lateral abdominal wall 
muscles. 

d. are the eentral point of attaehment for all the abdominal muscles. 

9.4 Seapiilar and llpper Limb Muscles <p. 246) 

14. Which of these muscles moves the scapula? 

a. deltoid 

b. latissimus dorsi 

e. peetoralis major 

d. peetoralis minor 

15. Which of these muscles does not adduct the arm (humerus)? 

a. latissimus dorsi 

b. deltoid 

e. teres major 

d. peetoralis major 

e. eoraeobraehialis 

16. Which of these muscles is most direetly involved in abduction of the 
arm (humerus)? 

a. supraspinatus e. teres minor e. subscapularis 

b. infraspinatus d. teres major 

17. Which of these muscles would you expect to be espeeially well 
developed in a boxer known for his powerful jab (punching straight 
ahead) ? 

a. bieeps braehii 

b. braehialis 
e. trapezius 

d. trieeps braehii 

e. supinator 

18. Which of these muscles cause flexion of the elbow? 

a. bieeps braehii 

b. braehialis 

e. braehioradialis 

d. a and b 

e. all of the above 

19. The posterior group of forearm muscles is responsible for 

a. flexion of the wrist. 

b. flexion of the fingers. 

e. extension of the fingers. 

d. both a and b. 

e. all of the above. 

20. The intrinsie hand muscles 

a. are divided into anterior and posterior groups. 

b. originate on the epieondyles of the humerus. 
e. cause abduction and adduction of the fingers. 

d. cause abduction and adduction of the wrist. 

e. all of the above 


e. 3,1,2 
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9.5 Hip and Lower Limb Muscles <p. 255) 

21. Which of these miiseles ean extend the hip? 

a. gluteus maximus 

b. gluteus medius 
e. gluteus minimus 

d. tensor faseiae latae 

e. sartorius 

22. Given these muscles: 

1. iliopsoas 

2. rectus femoris 

3. sartorius 

Which of the muscles flex the hip? 

a. 1 e. 1,3 e. 1,2,3 

b. 1,2 d. 2,3 

23. Which of these muscles is found in the medial eompartment of the thigh? 

a. rectus femoris 

b. sartorius 
e. graeilis 

d. vastus medialis 

e. semitendinosus 


24. Which of these is not a muscle that ean flex the knee? 

a. bieeps femoris 

b. graeilis 
e. sartorius 

d. vastus medialis 

23. The_evert the foot, whereas the_ 

plantar flex the foot. 

a. lateral leg muscles, gastrocnemius and soleus 

b. lateral leg muscles, anterior leg muscles 

e. gastrocnemius and soleus, lateral leg muscles 
d. gastrocnemius and soleus, anterior leg muscles 

Answers in Appendix E 


eritieal Thinking 


1. A patient was involved in an automobile aeeident in which the ear was 
“rear-ended,” resulting in whiplash injury of the head (hyperextension). 
What neek muscles might be injured in this type of aeeident? What is 
the easiest way to prevent such injury in an automobile aeeident? 

2. During surgery, a braneh of a patient’s faeial nerve was aeeidentally cut 
on one side of the faee. As a result, after the operation, the lower eyelid 
and the eorner of the patient’s mouth drooped on that side of the faee. 
What muscles were apparently affeeted? 

3. When a person beeomes unconscious, the tongue muscles relax and the 
tongue tends to retraet or fall baek and obstruct the airway. Which 
tongue muscle is responsible? How ean this be prevented or reversed? 

4. The meehanieal support of the head of the humerus in the glenoid 
eavity is weakest in the inferior direetion. What muscles help prevent 
disloeation of the shoulder when a heavy weight, such as a suitcase, is 
earried? 


3. For eaeh of the following muscles, (1) deseribe the movement that the 
muscle produces and (2) name the muscles that aet as synergists and 
antagonists for them: ereetor spinae and eoraeobraehialis. 

6. How would paralysis of the quadriceps femoris of the left leg affeet a 
person’s ability to walk? 

7. Speedy Sprinter started a 200 m dash and fell to the ground in pain. 
Examination of her right leg revealed the following symptoms: 
inability to plantar flex the foot against resistanee, normal ability to 
evert the foot, dorsiflexion of the foot more than normal, and 
abnormal bulging of the ealf muscles. Explain the nature of her 
injury. 

8. Propose an exercise that would benefit eaeh of the following muscles 
speeifieally: bieeps braehii, trieeps braehii, deltoid, rectus abdominis, 
quadriceps femoris, and gastrocnemius. 

Answers in Appendix F 



Visit this book's vvebsite at www.mhhe.com/tate2 
for praetiee quizzes, interaetive learning exercises, and 
other study tools. 
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This is a eolorized seanning eleetron mierograph of a neuron net- 
work. The 10 or so eells that appear green in this photograph have 
yellow eell proeesses that reaeh out to almost touch one another. 
These eontaets allow neurons of the nervous system to communi- 
eate. What is seen here is only a minute portion of the total eon- 
neetions among neurons. All the tiny proeesses branehing off the 
larger proeesses eontaet proeesses of other eells. 
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lntroduction 




hungry man prepares to drink a cup of hot soup. He 

m m 


k 


smells the aroma and antieipates the taste of the soup. 
Feeling the warmth of the cup in his hands, he quickly 
raises the cup to his lips and takes a sip. The soup is so hot that 
it burns his lips and tongue. He jerks the cup away from his lips 
and gasps in pain. None of these sensations, thoughts, emotions, 
and movements would be possible without the nervous system, 
which is responsible for sensations, mental aetivities, and eontrol 
of the muscles and many glands. The nervous system is made up 
of the brain, spinal eord, nerves, and sensory reeeptors. 


10.1 Functions of the 

Nervous System 

The nervous system is involved in most body functions. Some major 
functions of the nervous system are 

1. Sensory input. Sensory reeeptors monitor numerous external and 
internal stimuli. Some stimuli result in sensations we are aware 
of, such as sight, vision, hearing, taste, smell, touch, pain, body 
position, and temperature. Other stimuli, such as blood pH, blood 
gases, or blood pressure, are proeessed at an unconscious level. 

2. Integration. The brain and spinal eord are the major organs for 
proeessing sensory input and initiating responses. The input 
may produce an immediate response, may be stored as memory, 
or may be ignored. 

3. Control ofmuscles and glands. Skeletal muscles normally eontraet 
only when stimulated by the nervous system. Thus, through the 
eontrol of skeletal muscle, the nervous system eontrols the major 
movements of the body. The nervous system also partieipates in 
eontrolling eardiae muscle, smooth muscle, and many glands. 

4. Homeostasis. The nervous system plays an important role in the 
maintenanee of homeostasis. This function depends on the 
ability of the nervous system to deteet, interpret, and respond 
to ehanges in internal and external eonditions. In response, the 
nervous system ean stimulate or inhibit the aetivities of other 
systems to help maintain a eonstant internal environment. 

3. Mental aetivity. The brain is the eenter of mental aetivities, 
including consciousness, thinking, memory, and emotions. 

1 Deseribe the major functions of the nervous system. 

10.2 Parts of the Nervous System 

The nervous system ean be divided into the eentral and the periph- 
eral nervous systems (figure 10.1). The eentral nervous system 
(CNS) eonsists of the brain and the spinal eord. The brain is loeated 
within the skull, and the spinal eord is loeated within the vertebral 
eanal (see ehapter 7). 

The peripheral nervous system (PNS) is external to the CNS. 
It eonsists of sensory reeeptors and nerves. Sensory reeeptors are the 
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Figure 10.1 Nervous System 

The eentral nervous system (CNS) eonsists of the brain and spinal eord.The 
peripheral nervous system (PNS) eonsists of eranial nerves, which arise from the 
brain, and spinal nerves, which arise from the spinal eord.The nerves, which are 
shown cut in the illustration, actually extend throughout the body. 


endings of neurons or separate, speeialized eells that deteet tempera- 
ture, pain, touch, pressure, light, sound, odors, and other stimuli. 
Sensory reeeptors are loeated in the skin, muscles, joints, internal 
organs, and speeialized sensory organs, such as the eyes and ears. A 
nerve is a bundle of axons and their sheaths in the PNS. Twelve pairs 
of eranial nerves originate from the brain, and 31 pairs of spinal 
nerves originate from the spinal eord (see figure 10.1). 

Nerves transmit eleetrie signals, ealled aetion potentials. The 
PNS is divided into two divisions (figure 10.2). The sensory divi- 
sion, or afFerent division, transmits aetion potentials to the CNS 
from sensory reeeptors, whereas the motor division, or efFerent 
division, transmits aetion potentials from the CNS to effeetor 
organs, such as muscles and glands. 

The motor division ean be fiirther subdivided into the somatie 
(sò-mat'ik, bodily) motor nervous system, which transmits aetion 
potentials from the CNS to skeletal muscles, and the autonomic 
(aw-tò-nom'ik) nervous system (ANS), which transmits aetion poten- 
tials from the CNS to eardiae muscle, smooth muscle, and glands. 

The ANS is subdivided into the sympathetie, parasympathetie, 
and enterie divisions. In general, the sympathetie division is most 
aetive during physieal aetivity, whereas the parasympathetie 
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Figlire 10.2 Organization of the Nervous System 

The sensory division of the peripheral nervous system (PNS) deteets stimuli and conducts aetion potentials to the eentral nervous system (CNS).The CNS interprets 
ineoming aetion potentials and initiates aetion potentials that are conducted through the motor division to produce a response.The motor division is divided into the 
somatie nervous system and the autonomic nervous system. 


division regulates resting or vegetative functions, such as digesting 
food or emptying the urinary bladder. The enterie division, also 
ealled the enterie nervous system (ENS), is loeated in the digestive 
traet and ean eontrol the digestive traet independently of the CNS. 
See ehapters 13 and 21 for details on the ANS. 

The sensory division of the PNS deteets stimuli and transmits 
information in the form of aetion potentials to the CNS (see 
figure 10.2). The CNS is the major site for proeessing informa- 
tion, initiating responses, and integrating mental proeesses. It is 
much like a computer, with the ability to reeeive input, proeess 
and store information, and generate responses. The motor divi- 
sion of the PNS conducts aetion potentials from the CNS to 
muscles and glands. 

2 Define CNS and PNS. 

3 What is a sensory reeeptor and nerve? 

4 Based on the direetion they transmit aetion potentials, what are the 
two subcategories of the PNS? 

5 Based on the structures they supply, what are the two subcategories 
of the motor division? 

6 What are the subcategories of the ANS? 

7 Compare the general functions of the CNS and the PNS. 


10.3 eells of the Nervoiis System 

The nervous system is made up of neurons and nonneural eells ealled 
glial eells. 

Neurons 

Neurons, or nerve eells, reeeive stimuli and transmit aetion 
potentials to other neurons or to effeetor organs. Eaeh neuron 
eonsists of a eell body and two types of proeesses: dendrites and 
axons (figure 10.3). 

Structure of Neurons 

The eell body of neurons is ealled the neuron eell body, or soma 
(sò'mà, body). Eaeh neuron eell body eontains a single relatively 
large and eentrally loeated nucleus with a prominent nucleolus (see 
figure 10.3). Extensive rough endoplasmie reticulum (ER) and Golgi 
apparamses surround the nucleus, and a moderate number of mito- 
ehondria and other organelles are present. Nissl (nis'l) substance, 
which is loeated in the eell body and dendrites but not the axon, is 
aggregates of rough ER and free ribosomes. Nissl substance is the 
primary site of protein synthesis in neurons. 
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Figure 10.3 Neuron apir, 

The structural features of a neuron include a eell body and two types of eell 
proeesses: dendrites and an axon. 


Predíet 



Prediet the effeet on the part of a severed axon that is no longer eonneeted to 
its neuron eell body. Explain your predietion. 


An axon (ak'son) is a long eell proeess extending from the neu- 
ron eell body. The trigger zone, which is the part of the neuron 
where the axon originates, is where neurons generate aetion poten- 
tials. Extending away from the trigger zone, eaeh axon has a eonstant 
diameter and may vary in length from a few millimeters to more than 
a meter. Axons are often referred to as nerve fibers because of their 
shape. An axon ean remain as a single structure or ean braneh to 
form eollateral axons, or side branehes (see figure 10.3). Axons 
eonneet neurons to other neurons, muscle eells, and gland eells. 
The junction between a neuron and another eell is ealled a synapse, 
and the ending of an axon in the synapse is ealled the presynaptie 
terminal. The presynaptie terminal has numerous vesieles eontaining 
neurotransmitters, which are ehemieals that eross the synapse to 
stimulate or inhibit the postsynaptie eell (see “Chemical Synapses,” 

p. 283). 

Dendrites (den'drltz) are short, often highly branehed eytoplas- 
mie extensions that are tapered from their bases at the neuron eell 
body to their tips (see figure 10.3). Many dendrite surfaces have 
small extensions ealled dendritie spines, where axons of other neu- 
rons form synapses with the dendrites. 

Dendrites are the input part of the neuron. When stimulated, 
they generate small eleetrie currents, which are conducted to the 
neuron eell body and to the trigger zone, where an aetion potential 
ean be generated. Axons are the output part of the neuron. Aetion 
potentials are conducted along the axon to the presynaptie terminal, 
where they stimulate the release of neurotransmitters. 

8 Name the two types of eells forming the nervous system. 

9 Compare the structure of axons and dendrites. 

10 Define triggerzone, presynoptie terminal, and neurotransmitter. 

11 Deseribe and give the function of a dendrite and an axon. 


Types of Neurons 

Neurons are elassified aeeording to their fimetion or structure. The 
fimetional elassifieation is based on the direetion in which aetion 
potentials are conducted. Sensory, or afFerent, neurons conduct 
aetion potentials toward the CNS; motor, or efFerent, neurons eon- 
duct aetion potentials away from the CNS toward muscles or glands. 
Interneurons, or assoeiation neurons, conduct aetion potentials 
from one neuron to another within the CNS. 

The structural elassifieation seheme is based on the number of 
proeesses that extend from the neuron eell body. The three major eat- 
egories of neurons are multipolar, bipolar, and unipolar (figure 10.4). 

Multipolar neurons have many dendrites and a single axon. Most 
of the neurons within the CNS and motor neurons are multipolar. 
Bipolar neurons have two proeesses: one dendrite and one 

axon. Bipolar neurons are loeated in some sensory organs, such as in 
the retina of the eye and in the nasal eavity. 

Unipolar neurons have a single proeess extending from the eell 

body. This proeess divides into two branehes a short distanee from the 
eell body. One braneh extends to the CNS, and the other braneh 
extends to the periphery and has dendritelike sensory reeeptors. The 
two branehes fimetion as a single axon. The sensory reeeptors respond 
to stimuli, resulting in the production of aetion potentials that are 
transmitted to the CNS. Most sensory neurons are unipolar neurons. 
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(a) A rrmltipolar neuron has 

many dendrites and an axon. 


Dendrite 



Cell body 


(b) A bipolar neuron has a 

dendrite and an axon. 


Cell body 



Sensory 

reeeptors 


Axon 


Axon 

branehes 

function 

as a 

single 

axon. 


(e) A unipolar neuron has an 

axon and no dendrites. 


Figure 10.4 structural eiasses of Neurons 

Neurons are elassified structurally by the number of eell proeesses extending from their eell bodies. Dendrites and sensory reeeptors are speeialized to reeeive stimuli 
and axons are speeialized to conduct aetion potentials. 


12 Deseribe the three types of neurons based on their function. 

13 Deseribe the three types of neurons based on their structure, and 
give an example of vvhere eaeh type is found. 


Glial eells of the CNS 

Nonneural eells are ealled glial (gll'ál, glé'àl) eells, or neuroglia 
(noo-rog'lé-à, nerve glue), and they account for over half of the 
brains weight. Glial eells are the major supporting eells in the CNS; 
they partieipate in the formation of a permeability barrier between 
the blood and the neurons, phagoeytize foreign substances, produce 
eerebrospinal fluid, and form myelin sheaths around axons. There are 
four types of CNS glial eells. 

Astroeytes 

Astroeytes (as'trò-sltz, aster is Greek, meaning star) are star-shaped 
glial eells with proeesses that extend from the eell body to form foot 
proeesses, which eover the surfaces of neurons and blood vessels 
(figure 10.5). Astroeytes are intimately involved with the flanetioning 
of neurons and blood vessels. Astroeytes are vital for the formation of 
flmetional synapses. They also ean take up and release neurotransmit- 
ters and other substances, which deereases or enhanees synaptie 
aetivity (see “Chemical Synapses,” p. 285). 

Astroeytes help regulate the eomposition of interstitial fluid by 
removing or adding to materials entering from the blood. When 
neurons are aetive, the production of many aetion potentials results 
in the movement of K + into the interstitial fluid. Astroeytes remove 
the K + during periods of neuronal aetivity and release it when neu- 
ronal aetivity deereases. 

Astroeytes provide a seeondary energy source for neurons. Although 
glucose from the blood supplies most of the energy needs of neurons, 



Foot 

proeesses 


Astroeyte 


Figure 10.5 Astroeytes 

Astroeyte foot proeesses eover the surfaces of neurons, blood vessels, and the 
pia mater.The astroeytes provide structural support and play a role in 
regulating what substances from the blood reaeh the neurons. 


astroeytes play an energy supporting role by producing laetie aeid 
from stored glyeogen. The laetie aeid is transported to neurons, which 
use it to produce ATP (see figure 8.18c and ehapter 22). 

Astroeytes affeet the permeability of blood vessels (see “Blood 
Supply to the Brain,” ehapter 11), and in response to inereased 
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Figure 10.6 Ependymal eells 

Gliated ependymal eells lining the ventrieles of the brain and the eentral eanal 
of the spinal eord help move eerebrospinal fluid. 


neuronal aetivity, they stimulate blood vessel dilation, which 
inereases blood delivery. Blood oxygen level-dependent (BOLD) 
magnetie resonanee imaging (MRI) uses inereased blood flow as a 
measure of neuronal aetivity. 

Astroeytes contribute to benefieial and detrimental responses to 
tissue damage in the CNS. Almost all injuries to CNS tissue induce 
reaetive astroeytosis, in which astroeytes partieipate in walling off 
the injury site and limiting the spread of inflammation to the sur- 
rounding healthy tissue. Reaetive sear-forming astroeytes also limit 
the regeneration of the axons of injured neurons. 

Ependymal eells 

Ependymal (ep-en'di-màl) eells line the ventrieles (eavities) of the 
brain and the eentral eanal of the spinal eord (figure 10.6). 
Ependymal eells and blood vessels form the ehoroid plexuses 
(ko'royd plek'sus-ez), which are loeated within eertain regions of the 
ventrieles. The ehoroid plexuses seerete the eerebrospinal fluid that 
circulates through the ventrieles of the brain (see ehapter 11). The 
free surface of the ependymal eells frequently has patehes of eilia that 
help move eerebrospinal fluid through the eavities of the brain. 

Mieroglia 

Mieroglia (ml-krog'lé-à) are glial eells in the CNS that beeome 
mobile and phagoeytie in response to inflammation. They phagoey- 
tize neerotie tissue, mieroorganisms, and other foreign substances 
that invade the CNS (figure 10.7). Numerous mieroglia migrate to 
areas damaged by infeetion, trauma, or stroke. A pathologist ean 
identify these damaged areas in the CNS during an autopsy because 
large numbers of mieroglia are found in them. 

Oligodendroeytes 

Oligodendroeytes (ol'i-gò-den'drò-sìtz) have eytoplasmie exten- 
sions that ean surround axons. If the eytoplasmie extensions wrap 
many times around the axons, they form myelin (mì'é-lin) sheaths. 
A single oligodendroeyte ean form myelin sheaths around portions 
of several axons (figure 10.8). 

Glial eells of the pns 

Schwann eells are glial eells in the PNS that wrap around axons. If 
a Schwann eell wraps many times around an axon, it forms a myelin 
sheath. Unlike oligodendroeytes, however, eaeh Schwann eell forms 
a myelin sheath around a portion of only one axon (figure 10.9). 



Figure 10.7 Mieroglia 

Mieroglia are phagoeytie eells within the CNS. 



Figure 10.8 Oligodendroeytes 

Extensions from oligodendroeytes form part ofthe myelin sheaths of several 
axons within the CNS. 


Satellite eells surround neuron eell bodies (see figure 10.9). 
They provide support and nutrition to the neuron eell bodies, and 
they proteet neurons from heavy metal poisons, such as lead and 
mercury, by absorbing them and reducing their aeeess to the neuron 
eell bodies. 

14 Which type of glial eell supports neurons and blood vessels and 
promotes the formation of the blood-brain barrier? What is the 
blood-brain barrier, and what is its function? 

15 Name the different kinds of glial eells responsible for the following 
functions: production of eerebrospinal fluid, phagoeytosis, 
production of myelin sheaths in the CNS, production of myelin 
sheaths in the PNS, support of neuron eell bodies in the PNS. 
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Figure 10.9 Glial eells of the PNS ap r 

Neuron eell bodies are surrounded by satellite eells. Schwann eells form the 
myelin sheath of an axon within the PNS. 


Myelinated and llnmyelinated Axons 

Cytoplasmic extensions of the Schwann eells in the PNS and of 
the oligodendroeytes in the CNS surround axons to form either 
myelinated or unmyelinated axons. Myelin proteets and eleetrieally 
insulates axons from one another. In addition, aetion potentials 
travel along myelinated axons more rapidly than along unmyelin- 
ated axons (see “Propagation of Aetion Potentials,” p. 282). 

In myelinated axons, the plasma membrane of Schwann eells 
or oligodendroeytes repeatedly wraps around a segment of an axon 
to form the myelin sheath (figure lOAOa), which is white in eolor. 
Every 0.3—1.5 mm there is a bare area of the axon 2—3 pm in length 
ealled the node of Ranvier (ron'vé-à). Although the axon at a node 
of Ranvier is not eovered with myelin, Schwann eells or oligoden- 
droeytes extend aeross the node and eonneet to eaeh other. 

Unmyelinated axons rest in invaginations of the Schwann eells 
or oligodendroeytes (figure 10.10^). The eells plasma membrane sur- 
rounds eaeh axon but does not wrap around it many times. Thus, eaeh 
axon is surrounded by a series of eells, and eaeh eell ean simultaneously 
surround more than one unmyelinated axon. 

16 Define myelin sheath and node ofRanvier. 

17 How are myelinated and unmyelinated axons different from eaeh 
other? 



(a) Myelinated axon 


Node of Ranvier 
(no myelin sheath) 


Nucleus 

Cytoplasm 

Axon 

Myelin sheath 



(b) llnmyelinated axons 


Nucleus 

Oytoplasm 


Axons 


Figlire 10.10 eomparison of Myelinated and 

llnmyeiinated Axons 

(a) Myelinated axon with two Schwann eells forming part of the myelin 
sheath around a single axon. Eaeh Schwann eell surrounds part of one axon. 

( b ) Llnmyelinated axons with two Schwann eells surrounding several axons in 
parallel formation. Eaeh Schwann eell surrounds part of several axons. 


integrative fimetions or aets as relay areas in which axons synapse 
with other neurons. The outer surface of much of the brain eonsists 
of gray matter ealled cortex, and within the brain are other eollee- 
tions of gray matter ealled nuclei. The outer part of the spinal eord 
is white matter and the eentral area is gray matter. 

In the PNS, bundles of axons form nerves, which conduct aetion 
potentials to and from the CNS. Most nerves eontain myelinated 
axons, but some eonsist of unmyelinated axons. Collections of neuron 
eell bodies in the PNS are ealled ganglia. 

18 What are white matter and gray matter? 

19 Define and state the loeations of traets, nerves, brain cortex, nuclei, 
and ganglia. 


10.4 Organization of Nervous 

Tissue 

Nervous tissue is organized so that axons form bundles, and neuron 
eell bodies and their dendrites are grouped together. Bundles of par- 
allel axons with their assoeiated white myelin sheaths are ealled white 
matter. Collections of neuron eell bodies, dendrites, and unmyelin- 
ated axons are grayer in eolor and are ealled gray matter. 

In the CNS, the axons that make up the white matter form 
traets, which propagate aetion potentials from one area of gray mat- 
ter in the CNS to another. The gray matter of the CNS performs 


10.5 Eleetrie Signals 

Like computers, humans depend on eleetrie signals to communicate 
and proeess information. The eleetrie signals produced by eells are 
ealled aetion potentials. They are an important means by which eells 
transfer information from one part of the body to another. For 
example, stimuli, such as light, sound, and pressure, aet on speeialized 
sensory eells in the eye, ear, and skin to produce aetion potentials, 
which are conducted from these eells to the spinal eord and brain. 
Aetion potentials originating within the brain and spinal eord are 
conducted to muscles and eertain glands to regulate their aetivities. 
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The ability to pereeive our environment, to perform complex 
mental aetivities, and to aet depends on aetion potentials. For 
example, interpreting the aetion potentials reeeived from sensory 
eells results in the sensations of sight, hearing, and touch. Complex 
mental aetivities, such as conscious thought, memory, and emotions, 
result from aetion potentials. The eontraetion of muscles and the 
seeretion of eertain glands occur in response to aetion potentials 
generated in them. 

A basie knowledge of the eleetrieal properties of eells is neeessary 
for understanding many of the normal functions and pathologies of 
the body. These properties result from the ionie eoneentration differ- 
enees aeross the plasma membrane and from the permeability ehar- 
aeteristies of the plasma membrane. 

eoneentration Differenees Aeross 

the Plasma Membrane 

The eoneentration of a speeifie ion outside and inside a eell may be 
different. The eoneentration of sodium ions (Na + ), calcium ions 
(Ca 2+ ), and ehloride ions (Cl“) is much greater outside the eell than 
inside. The eoneentration of potassium ions (K + ) and negatively 
eharged molecules, such as proteins, is much greater inside the eell 
than outside. 

A steep eoneentration gradient (see ehapter 3) exists for Na + 
from outside the eell to the inside because of the differenee in Na + 
eoneentration aeross the plasma membrane. Also, a steep eoneentra- 
tion gradient exists for K + from the inside to the outside of the eell. 
If membrane permeability permits, Na + diffuse down their eoneen- 
tration gradient into eells and K + diffuse out. 

Differenees in intracellular and extracellular eoneentrations of 
ions result primarily from (1) the Na + —K + pump and (2) the perme- 
ability eharaeteristies of the plasma membrane. 

The Na + -K + Pump 

The differenees in Na + and K + eoneentrations aeross the plasma 
membrane are maintained primarily by the aetion of the Na + —K + 
piimp (see figure 3.8). Through aetive transport, the Na + —K + pump 
moves Na + and K + through the plasma membrane against their 
eoneentration gradients. Sodium ions are transported out of the eell, 
inereasing the eoneentration of Na + outside the eell, and K + are 
transported into the eell, inereasing the eoneentration of K + inside 
the eell. Approximately three Na + are transported out of the eell and 
two K + are transported into the eell for eaeh ATP molecule used. 

Permeability eharaeteristies of the 
Plasma Membrane 

The plasma membrane is seleetively permeable, thus allowing some, 
but not all, substances to pass through it (see ehapter 3). Negatively 
eharged proteins are synthesized inside the eell, and because of their 
large size and their solubility eharaeteristies they eannot readily diffhse 
aeross the plasma membrane (figure 10.11). 

Ions pass through the plasma membrane through ion ehannels. 
The two major types of ion ehannels are leak ehannels and gated ion 
ehannels. Leak ehannels are always open, whereas gated ehannels ean 
open and elose. Ions ean pass through open ehannels, but not elosed 
ehannels (see figure 10.11). 


Extracellular fliiid ^Na + 



\ 9 

\ e) 

Negatively eharged 

Cytoplasm protein 

Figure 10.11 Membrane Permeability and lon ehannels 

The plasma membrane is permeable to K + because K + leak ehannels are open. 
The permeability to Na + and K + ean be regulated by gated Na + and K + 
ehannels. When the ehannels are elosed, the passage of Na + and K + is 
prevented. Permeability to Na + and K + ean inerease, however, if the ehannels 
open.The membrane is not permeable to the negatively eharged proteins 
inside the eell because they are too large to pass through membrane ehannels. 

Leak Channels 

Leak ehannels, or nongated ion ehannels, are always open and are 
responsible for the permeability of the plasma membrane to ions 
when the plasma membrane is unstimulated, or at rest. Eaeh ion 
ehannel is speeifie for one type of ion, although the speeifieity is not 
absolute. The number of eaeh type of leak ehannel in the plasma 
membrane determines the permeability eharaeteristies of the resting 
plasma membrane to different types of ions. The plasma membrane 
is 30—100 times more permeable to K + and much less permeable to 
Na + because there are many more K + leak ehannels than Na + leak 
ehannels in the plasma membrane. 

Gated Ion Channels 

Gated ion ehannels open and elose in response to stimuli. By opening 
and elosing, these ehannels ean ehange the permeability eharaeteristies 
of the plasma membrane. The major types of gated ion ehannels are 

1. Ligand-gated ion ehannels. A ligand is a molecule 

that binds to a reeeptor. A reeeptor is a protein or glyeoprotein 
that has a reeeptor site to which a ligand ean bind. Most 
reeeptors are loeated in the plasma membrane. Ligand-gated 
ion ehannels or ionotropie reeeptors are reeeptors that have 
an extracellular reeeptor site and a membrane-spanning part 
that forms an ion ehannel. When a ligand binds to the reeeptor 
site, the ion ehannel opens or eloses. For example, the 
neurotransmitter aeetyleholine released from the presynaptie 
terminal of a neuron is a ehemieal signal that ean bind to a 
ligand-gated Na + ehannel in the membrane of a muscle eell. As 
a result, the Na + ehannel opens, allowing Na + to enter the eell 
(see figure 8.3). Ligand-gated ion ehannels exist for Na + , K + , 
Ca 2+ , and Cl“, and these ehannels are eommon in tissues such 
as nervous and muscle tissues, as well as glands. 
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2. Voltage-gated ion ehannels. These ehannels open and elose in 
response to small voltage ehanges aeross the plasma membrane. 
In an unstimulated eell, the inside of the plasma membrane is 
negatively eharged relative to the outside. This eharge differenee 
ean be measured in units ealled millivolts (mV) (1 mV = 
1/1000 V). When a eell is stimulated, the permeability of the 
plasma membrane ehanges because gated ion ehannels open or 
elose. The movement of ions into or out of the eell ehanges the 
eharge differenee aeross the plasma membrane, which causes 
voltage-gated ion ehannels to open or elose. Voltage-gated 
ehannels speeifie for Na + and K + are most numerous in 
eleetrieally excitable tissues, but voltage-gated Ca 2+ ehannels 
are also important, espeeially in smooth muscle and eardiae 
muscle eells (see ehapters 8 and 17). 

3. Other gated ion ehannels. Gated ion ehannels that respond to 
stimuli other than ligands or voltage ehanges are present in 
speeialized eleetrieally excitable tissues. Examples include touch 
reeeptors, which respond to meehanieal stimulation of the skin, 
and temperamre reeeptors, which respond to temperamre 
ehanges in the skin. 

20 Deseribe the eoneentration differenees for Na + and K + that exist 
aeross the plasma membrane. 

21 In what direetion, into or out of eells, does the Na + -K + pump move 
Na + and K + ? 

22 Define leak ehannels and gatedion ehannels. How are they 
responsible for the permeability eharaeteristies of a resting versus a 
stimulated plasma membrane? 

23 Define ligand, reeeptor, and reeeptor site. 

24 What kinds of stimuli cause gated ion ehannels to open or elose? 


Establishing the Resting 
Membrane Potential 

The extracellular fluid is eleetrieally neutral with no net overall 
eharge because the number of positively eharged ions in extracellular 
fluids is equal to the number of negatively eharged ions. Similarly, 
the intracellular fluid is eleetrieally neutral because the number of 
positively eharged ions is equal to the number of negatively eharged 
ions and proteins. 

Even though extracellular and intracellular fluids are eleetrieally 
neutral, there is a differenee in eharge aeross the plasma membrane. 
The immediate inside of the membrane is negative, eompared with 
the immediate outside of the membrane (figure 10.12). The plasma 
membrane, therefore, is said to be polarized because there are oppo- 
site eharges, or poles, aeross the membrane. 

The eleetrie eharge differenee aeross the plasma membrane is 
ealled a potential differenee. In an unstimulated eell, or resting eell, 
the potential differenee is ealled the resting membrane potential. It 
ean be measured using a voltmeter or an oseilloseope eonneeted to 
mieroeleetrodes positioned just inside and outside the plasma mem- 
brane (see figure 10.12). The resting membrane potential of neurons 
is approximately —70 mV and of skeletal muscle eells is approxi- 
mately —83 mV. The potential differenee is reported as a negative 
number because the inside of the plasma membrane is negative, 
eompared with the outside. The greater the eharge differenee aeross 



Oseilloseope 



+ + + + + + + + + 

Neuron 


Figlire 10.12 Measuring Resting Membrane Potential 

The reeording eleetrode is inside the eell; the referenee eleetrode is outside. A 
potential differenee of about -70 mV is reeorded, with the inside of the plasma 
membrane negative with respeet to the outside of the membrane. 


the plasma membrane, the greater the potential differenee. A resting 
membrane potential of —83 mV has a greater eharge differenee than 
a resting membrane potential of — 70 mV. 

The resting membrane potential results from the permeability 
eharaeteristies of the resting plasma membrane and the differenee in 
eoneentration of ions between the intracellular and the extracellular 
fluids. The plasma membrane is somewhat permeable to K + because 
of K + leak ehannels. Positively eharged K + ean therefore diffiise 
down their eoneentration gradient from inside to just outside the eell 
(figure 10.13). Negatively eharged proteins and other molecules ean- 
not diffiise through the plasma membrane with the K + . As K + dif- 
fuse out of the eell, the loss of positive eharges makes the inside of 
the plasma membrane more negative. Because opposite eharges 
attraet, the K + are attraeted baek toward the eell. The accumulation 
of K + just outside of the plasma membrane makes the outside of the 
plasma membrane positive relative to the inside. The resting mem- 
brane potential is an equilibrium that is established when the ten- 
deney for K + to diffiise out of the eell, because of the K + 
eoneentration gradient, is equal to the tendeney for K + to move into 
the eell because of the attraetion of the positively eharged K + to 
negatively eharged proteins and other molecules. 


Prediet 



Given that tissue A has signifieantly more K + leak ehannels than tissue B, which 
tissue has the larger resting membrane potential? 


The major ionie influence on the resting membrane potential 
is due to the movement of K + through leak ehannels. Other ions, 
such as Na + , have only a minor influence on the resting mem- 
brane potential because there are relatively few leak ehannels for 
them. Even after the resting membrane potential is established, 
however, eells gradually lose K + and gain Na + . The large eoneen- 
tration gradients for Na + and K + would eventually disappear 
without the continuous aetivity of the Na + —K + pump. 
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Potassium ions diffuse out of the 
eell because there is a greater 
eoneentration of K + inside than 
outside the eell. 


Potassium ions move into the eell 
because the positively eharged 
ions are attraeted to the 
negatively eharged proteins and 
anions. 


The resting membrane potential is 
established when the movement 
of K + out of the eell is equal to 
their movement into the eell. 


Figure 10.13 Potassiiim lons and the Resting Membrane Potential ap:r 


Prediet 



What would happen to the resting membrane potential if the Na + -K + pump 
stopped? Explain. 


The pump is also responsible for a small portion of the resting 
membrane potential, usually less than 15 mV, because it transports 
approximately three Na + out of the eell and two K + into the eell for 
eaeh ATP molecule used. The outside of the plasma membrane 
beeomes more positively eharged than the inside because more posi- 
tively eharged ions are pumped out of the eell than are pumped into it. 

The eharaeteristies responsible for establishing and maintaining the 
resting membrane potential are summarized in table 10.1. 

25 Define resting membranepotential. Is the outside of the plasma 
membrane positively or negatively eharged relative to the inside? 

26 Explain the role of K + and the Na + -K + pump in establishing the 
resting membrane potential. 


ehanging the Restíng 
Membrane Potential 

The resting membrane potential ean deerease or inerease (figure 10.14). 
Depolarization (dé-pò'làr-i-zà'shun) is a deerease in the mem- 
brane potential in which the eharge differenee, or polarity, aeross 
the plasma membrane deereases. Hyperpolarization (hì'per- 
pò'làr-i-zà'shun) is an inerease in the membrane potential caused 
by an inerease in the eharge differenee aeross the plasma mem- 
brane. The eharge differenee ean be ehanged by deereasing or 
inereasing the movement of ions aeross the plasma membrane. Ion 
movement ean be ehanged by altering ion eoneentration gradients 
or ion permeability. 


Potassium lons 

Changes in the K + eoneentration gradient and K + permeability ean 
ehange the resting membrane potential. An inerease in the extracellular 
eoneentration of K + deereases the K + eoneentration gradient because 


Table 10.1 


eharaeteristies Responsible for 
the Resting Membrane Potential 


/ V 

1. The number of eharged molecules and ions inside and outsidethe 

eell is nearly equal. 

2. The eoneentration of K + is higher inside than outside the eell, and 
the eoneentration of Na + is higher outside than inside the eell. 

3. The plasma membrane is 50-100 times more permeable to K + than 
to other positively eharged ions, such as Na + . 

4. The plasma membrane is impermeable to large, intracellular, 
negatively eharged molecules, such as proteins. 

5. Potassium ions tend to diffuse aeross the plasma membrane from the 
inside to the outside of the eell. 

6. Because negatively eharged molecules eannot follow the positively 
eharged K + , a small negative eharge develops just inside the plasma 
membrane. 

7. The negative eharge inside the eell attraets positively eharged K + . 

When the negative eharge inside the eell is great enough to prevent 
additional K + from diffusing out of the eell through the plasma 
membrane, an equilibrium is established. 

8. The eharge differenee aeross the plasma membrane at equilibrium 
is refleeted as a differenee in potential, which is measured in 
millivolts (mV). 

9. The Na -K + pump maintains the eoneentration gradients for Na + and 
K + and contributes to the resting membrane potential by pumping three 
Na + out of the eell for eaeh two K + pumped into the eell. 
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Figure 10.14 Depolarization and Hyperpolarization of the Resting Membrane Potential 

(a) In depolarization, membrane potential deereases, beeoming less negative. (ò) In hyperpolarization, membrane potential inereases, beeoming more negative. 


the eoneentration of K + is lower outside than inside a eell. As a eonse- 
quence, the tendeney for K + to diffuse out of the eell deereases, and a 
smaller negative eharge inside the eell is required to oppose the diífusion 
of K + out of the eell. At this new equilibrium, the smaller eharge dif- 
ferenee aeross the plasma membrane is a depolarization. On the other 
hand, a deerease in the extracellular eoneentration of K + inereases the 
K + eoneentration gradient. As a result, the tendeney for K + to diffuse 
out of the eell inereases, and a larger negative eharge inside the eell is 
required to resist that difhasion. At this new equilibrium, the larger 
eharge differenee aeross the plasma membrane is a hyperpolarization. 

Although K + leak ehannels allow some K + to difhase aeross the plasma 
membrane, the resting membrane is not freely permeable to K + . There are 
gated K + ehannels in the plasma membrane, however (see hgure 10.11). 
If gated K + ehannels open, membrane permeability to K + inereases, and 
more K + difhase out of the eell. The inereased tendeney for K + to difhase 
out of the eell is opposed by the greater negative eharge that develops 
inside the plasma membrane, resulting in hyperpolarization. 


Prediet 



Does the resting membrane potential inerease or deerease when the intracellu- 
lar eoneentration of K + is inereased by the injeetion of a potassium succinate 
solution into a eell? Explain. 


Sodium lons 

In an unstimulated eell, the membrane is not very permeable to Na + 
because there are few Na + leak ehannels. Changes in the eoneentra- 
tion of Na + on either side of the plasma membrane do not influence 
the resting membrane potential very much because of this low per- 
meability. There are gated Na + ehannels in the plasma membrane, 
however (see hgure 3.11). If gated Na + ehannels open, membrane 
permeability to Na + inereases and Na + then diffuse into the eell 
because the eoneentration gradient for Na + is from the outside to the 
inside of the eell. As Na + diffuse into the eell, the inside of the mem- 
brane beeomes more positive, resulting in depolarization. 

Calcíum lons 

Calcium ions alter membrane potentials in two ways: (1) by affeeting 
voltage-gated Na + ehannels and (2) by entering eells through gated 


Ca 2+ ehannels. Voltage-gated Na + ehannels are sensitive to ehanges 
in the extracellular eoneentration of Ca 2+ . Positively eharged Ca 2+ in 
the extracellular fluid are attraeted to the negatively eharged groups of 
proteins in voltage-gated Na + ehannels. If the extracellular eoneentra- 
tion of Ca 2+ deereases, these ions difhase away from the voltage-gated 
Na + ehannels, causing the ehannels to open. If the extracellular eon- 
eentration of Ca 2+ inereases, they bind to voltage-gated Na + ehan- 
nels, causing them to elose. At the Ca 2+ eoneentrations normally 
found in the extracellular fluid, only a small pereentage of the voltage- 
gated Na + ehannels are open at any moment in an unstimulated eell. 


Prediet 



Prediet the effeet of a deerease in the extracellular eoneentration of Ca 2+ on the 
resting membrane potential. 


Changes in the permeability of Ca 2+ ean ehange the resting 
membrane potential. If the plasma membrane beeomes permeable to 
Ca 2+ by the opening of gated Ca 2+ ehannels, Ca 2+ diffuse into the 
eell and the inside of the membrane beeomes more positive, resulting 
in depolarization. 

ehloride lons 

Changes in the permeability of Cl“ ean ehange the resting mem- 
brane potential. If the permeability of the plasma membrane to Cl“ 
inereases by the opening of gated Cl“ ehannels, then Cl“ difhase into 
the eell and the inside of the membrane beeomes more negative, 
resulting in hyperpolarization. 

27 Define depolarization and hyperpolarization. How do alterations in 
the K + eoneentration gradient; ehanges in membrane permeability to 
K + , Na + , Ca 2+ , or Cl“; and ehanges in extracellular Ca 2+ eoneentration 
affeet depolarization and hyperpolarization? 


Graded Potentials 

A stimulus applied to the plasma membrane of a eell normally causes 
a ehange in the resting membrane potential ealled a graded poten- 
tial. Graded potentials are so ealled because the potential ehange ean 
vary from small to large. Graded potentials are also ealled loeal 
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potentials because they are eonfined to a small region of the plasma 
membrane. Graded potentials ean result from (1) ehemieal signals 
binding to their reeeptors, (2) ehanges in the voltage aeross the 
plasma membrane, (3) meehanieal stimulation, (4) temperamre 
ehanges, or (3) spontaneous ehanges in membrane permeability. 

A graded potential ean be either a depolarization or a hyperpolariza- 
tion (see figure 10.14). A ehange in membrane permeability to Na + , K + , 
or other ions ean produce a graded potential. For example, if a stimulus 
causes gated Na + ehannels to open, the diffusion of a few Na + into eells 
results in depolarization. If a stimulus causes gated K + ehannels to open, 
the diffusion of a few K + out of the eell results in hyperpolarization. 

The magnimde of graded potentials ean vary from small to large, 
depending on the stimulus strength or on summation. For example, 
a weak stimulus ean cause a few gated Na + ehannels to open. A few 
Na + diffuse into the eell and cause a small depolarization. A stronger 
stimulus ean cause a greater number of gated Na + ehannels to open. 
A greater number of Na + diffusing into the eell causes a larger depo- 
larization (figure 10.15T). 



E 



(a) 




Figure 10.15 Graded Potentials 

(a) Graded potentials are proportional to the stimulus strength. A weak stimulus 
applied briefly causes a small depolarization, which quickly returns to the 
resting membrane potential (7). Progressively stronger stimuli result in larger 
depolarizations (2-4). (b) A stimulus applied to a eell causes a small 
depolarization. When a seeond stimulus is applied before the depolarization 
disappears, the depolarization caused by the seeond stimulus is added to the 
depolarization caused by the first to result in a larger depolarization. 


Table 10.2 


eharaeteristies of Graded 
Potentials 


Ý— - - “. - -. : ^ . . --—:y, 

1. A stimulus causes ion ehannels to open, resulting in inereased 
permeability of the membrane to Na + , K + , or Cl _ . 

2. inereased permeability of the membrane to Na + results in 
depolarization. inereased permeability of the membrane to K + or Cl _ 
results in hyperpolarization. 

3. The size of the graded potential is proportional to the strength of the 
stimulus. Graded potentials ean also summate.Thus, a graded 
potential produced in response to several stimuli is larger than one 
produced in response to a single stimulus. 

4. Graded potentials are conducted in a deeremental fashion, meaning 
that their magnitude deereases as they spread over the plasma 
membrane. Graded potentials eannot be measured a few millimeters 
from the point of stimulation. 

5. A depolarizing graded potential ean cause an aetion potential. 


Summation of graded potentials occurs when the effeets pro- 
duced by one graded potential are added onto the effeets produced 
by another graded potential (figure 10.15^). For example, if a seeond 
stimulus is applied before the graded potential produced by the first 
stimulus has returned to the resting membrane potential, a larger 
depolarization results than would result from a single stimulus. The 
first stimulus causes gated Na + ehannels to open, and the seeond 
stimulus causes additional Na + ehannels to open. As a result, more 
Na + diffiase into the eell, producing a larger graded potential. 
Summation is discussed in greater detail later in this ehapter (see 
“Spatial andTemporal Summation,” p. 292). 

Graded potentials spread, or are conducted, over the plasma mem- 
brane in a deeremental fashion. That is, they rapidly deerease in magni- 
tude as they spread over the surface of the plasma membrane, much as 
a teaeher talks to a large elass. At the front of the elass, the teaeher’s voiee 
ean be easily heard but, the farther away a srndent sits, the more difficult 
it is to hear. Normally, a graded potential eannot be deteeted more than 
a few millimeters from the site of stimulation. As a consequence, a 
graded potential eannot transfer information over long distanees from 
one part of the body to another. 

Graded potentials are important because of their effeet on the 
generation of aetion potentials. The eharaeteristies of graded poten- 
tials are summarized in table 10.2. 

28 Define a graded potential. What is summation and deeremental 
conduction of graded potentials? 


Prediet 



Given two eells that are identieal in all ways except that the extracellular eon- 
eentration of Na + is less for eell A than for eell B, how would the magnitude of 
the graded potential in eell A differ from that in eell B if stimuli of identieal 
strength were applied to eaeh? 


Aetion Potentials 

When a graded potential causes depolarization of the plasma mem- 
brane to a level ealled threshold, a series of permeability ehanges 
occurs that results in an aetion potential (figure 10.16). During 




















Functional Organization of Nervous Tissue 


279 



Figure 10.16 Aetion Potential 

The aetion potential eonsists of depolarization ( redcurve ) and repolarization 
(.blue curve). In many eells, repolarization is followed by an 
afterhyperpolarization (green curve). 


depolarization, the membrane potential moves away from the resting 
membrane potential and ehanges from a negative to a positive value, 
indieating that the eharge aeross the plasma membrane has reversed 
and the inside of the membrane is positive eompared to the outside. 
During repolarization, the membrane potential returns to the resting 
membrane potential. In many eells, the membrane potential may 
then beeome more negative than the resting membrane potential for 
a while, which is ealled an afterhyperpolarization or afterpotential. 
It generally takes 1—2 milliseeonds (ms) (1 ms = 0.001 s) for depo- 
larization and repolarization to occur, but afterhyperpolarization ean 
vary from a few to 100 msee depending on the eell. The eharaeteris- 
ties of aetion potentials are summarized in table 10.3. 


Table 10.3 


eharaeteristies of Aetion 
Potentials 


/ \ 

1. Aetion potentials are produced when a graded potential reaehes 

threshold. 

2. Aetion potentials are all-or-none. 

3. Depolarization is a result of inereased membrane permeability to 
Na + and movement of Na + into the eell. Aetivation gates of the 
voltage-gated Na + ehannels open. 

4. Repolarization is a result of deereased membrane permeability to 
Na + and inereased membrane permeability to K + , which stops Na + 
movement into the eell and inereases K + movement out of the eell. 

The inaetivation gates of the voltage-gated Na + ehannels elose, and 
the voltage-gated K + ehannels open. 

5. No aetion potential is produced by a stimulus, no matter how strong, 
during the absolute refraetory period. During the relative refraetory 
period, a stronger-than-threshold stimulus ean produce an aetion 
potential. 

6. Aetion potentials are propagated, and for a given axon or muscle 
fiber the magnitude of the aetion potential is eonstant. 

7. Stimulus strength determines the frequency of aetion potentials. 


AII-or-None Prineiple 

The generation of aetion potentials is dependent on graded poten- 
tials. Depolarizing graded potentials that reaeh threshold produce an 
aetion potential. Hyperpolarizing graded potentials ean never reaeh 
threshold and do not produce aetion potentials. Thus, depolarizing 
graded potentials ean potentially aetivate a eell by causing the pro- 
duction of an aetion potential, whereas hyperpolarizing graded 
potentials ean prevent the production of an aetion potential. 

The magnitude of a depolarizing graded potential affeets the 
likelihood of generating an aetion potential. For example, a weak 
stimulus ean produce a small depolarizing graded potential that does 
not reaeh threshold and therefore does not cause the production of 
an aetion potential. A stronger stimulus, however, ean produce a 
larger depolarizing graded potential that reaehes threshold, resulting 
in the production of an aetion potential. 

Aetion potentials occur aeeording to the all-or-none prineiple. 
If a stimulus produces a depolarizing graded potential that is large 
enough to reaeh threshold, all the permeability ehanges responsible 
for an aetion potential proeeed without stopping and are eonstant in 
magnitude (the “all” part). If a stimulus is so weak that the depolar- 
izing graded potential does not reaeh threshold, few of the permeabil- 
ity ehanges occur. The membrane potential returns to its resting level 
after a brief period without producing an aetion potential (the “none” 
part). An aetion potential ean be eompared to the flash system of a 
eamera. When the shutter is triggered (reaehes threshold), the eamera 
flashes (an aetion potential is produced), and eaeh flash is the same 
brightness (magnitude) (the “all” part) as previous flashes. If the shut- 
ter is depressed, but not triggered, no flash results (the “none” part). 

Depolarization 

The ehange in eharge aeross the plasma membrane caused by a graded 
potential causes inereasing numbers of voltage-gated Na + ehannels to 
open for a brief time. As soon as a threshold depolarization is reaehed, 
many voltage-gated Na + ehannels open. Eaeh voltage-gated Na + 
ehannel has two voltage-sensitive gates, ealled aetivation gates and 
inaetivation gates. When the plasma membrane is at rest, the aetiva- 
tion gates of the voltage-gated Na + ehannel are elosed, and the inae- 
tivation gates are open (figure 10.17, step 1). Because the aetivation 
gates are elosed, Na + eannot diffiase through the ehannels. When the 
graded potential reaehes threshold, the ehange in the membrane 
potential causes many of the aetivation gates to open, and Na + ean 
diffuse through the Na + ehannels into the eell. 

When the plasma membrane is at rest, voltage-gated K + ehan- 
nels, which have one gate, are elosed (see figure 10.17, step 1). When 
the graded potential reaehes threshold, the voltage-gated K + ehan- 
nels begin to open at the same time as the voltage-gated Na + ehan- 
nels, but they open more slowly (figure 10.17, step 2). Only a small 
number of voltage-gated K + ehannels are open, eompared with the 
number of voltage-gated Na + ehannels, because the voltage-gated 
K + ehannels open slowly. Depolarization occurs because more Na + 
diffiase into the eell than K + difftise out of it. 


Prediet 



Prediet the effeet of a reduced extracellular eoneentration of Na + on the 
magnitude of the aetion potential in an eleetrieally excitable eell. 
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1. Resting membrane potential. 

Voltage-gated Na + ehannels (pink) are 
elosed (the aetivation gates are elosed 
and the inaetivation gates are open). 
Voltage-gated K + ehannels (purple) are 
elosed. 


Aetivation 


Na + channel 


K + channel 




2. Depolarization. Voltage-gated Na + 
ehannels open because the aetivation 
gates open. Voltage-gated K + ehannels 
start to open. Depolarization results 
because the inward diffusion of Na + is 
much greater than the outward diffusion 
of K + . 


Aetivation 


opened 


K + ehannel 
opened 


Na + channel 


K + channel 

elosed 




3. Repolarization. Voltage-gated Na + 
ehannels are elosed because the 
inaetivation gates elose. Voltage-gated 
K + ehannels are now open. Sodium 
ions diffusion into the eell stops and K + 
diffuse out of the eell, causing 
repolarization. 


Aetivation 
gate 
opened 


K + ehannel 
opened 


Na + channel 


K + ehannel 
opened 



inaetivation 
gate elosed 





4. End of repolarization and 
afterhyperpolarization. Voltage-gated 
Na + ehannels are elosed. Closure of 
the aetivation gates and opening of the 
inaetivation gates reestablish the 
resting eondition for Na + ehannels 
(see step 1). Diffusion of K + through 
voltage-gated ehannels produces the 
afterhyperpolarization. 


Aetivation 


inaetivation 
gate open 


K + ehannel 
opened 


Na + ehannel 


K + ehannel 
opened 




5. Resting membrane potential. 

The resting membrane potential is 
reestablished after the voltage-gated K + 
ehannels elose. 


K + ehannel 
elosed 


Na + channel 


K + ehannel 
elosed 




Proeess Figure 10.17 voltage-Gated lon ehannels and the Aetion Potential 

Step 1 illustrates the status of voltage-gated Na + and K + ehannels in a resting eell. Steps 2-5 show howthe ehannels open and eloseto produce an aetion potential. 
Next to eaeh step, a graph shows in red the membrane potential resulting from the eondition of the ion ehannels. 
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Repolarization 

As the membrane potential approaehes its maximum depolarization, 
the ehange in the potential differenee aeross the plasma membrane 
causes the inaetivation gates in the voltage-gated Na + ehannels to 
begin elosing, and the permeability of the plasma membrane to Na + 
deereases. During repolarization, the voltage-gated K + ehannels, 
which started to open along with the voltage-gated Na + ehannels, eon- 
tinue to open (figure 10.17, step 3). Consequently, the permeability of 
the plasma membrane to Na + deereases, and the permeability to K + 
inereases. The deereased diffhsion of Na + into the eell and the 
inereased diffhsion of K + out of the eell cause repolarization. 

At the end of repolarization, the deerease in membrane potential 
causes the aetivation gates in the voltage-gated Na + ehannels to elose 
and the inaetivation gates to open. Although this ehange does not 
affeet the diffhsion of Na + , it does return the voltage-gated Na + ehan- 
nels to their resting state (figure 10.17, step 4). 

Afterhyperpolarization 

In many eells, a period of hyperpolarization, ealled an afterhyperpo- 
larization, follows repolarization. The afterhyperpolarization exists 
because the voltage-gated K + ehannels remain open for a short 
time (see figure 10.17, step 4). The inereased K + permeability that 
develops during repolarization lasts slightly longer than the time 
required to bring the membrane potential baek to its resting level. As 
the voltage-gated K + ehannels elose, the original resting membrane 
potential is reestablished (figure 10.17, step 3). 

During an aetion potential, a small number of Na + diffhse into 
the eell and a small number of K + diffhse out of the eell. The Na + — 
K + pump restores normal resting ion eoneentrations by transporting 
these ions in the opposite direetion of their movement during the 
aetion potential. That is, Na + are pumped out of the eell and K + are 
pumped into the eell. The Na + —K + pump is too slow to have an 
effeet on either the depolarization or the repolarization of individual 
aetion potentials. 

29 Define aetion potential. How do depolarizing and hyperpolarizing 
graded potentials affeet the likelihood of generating an aetion 
potential? 

30 Explain the"aN"and the"none"parts of the all-or-none prineiple of 
aetion potentials. 

31 How do ehanges in membrane permeability and the movement 
of Na + and K + cause depolarization and repolarization during 
an aetion potential? What happens when the aetivation gates in 
the voltage-gated Na + ehannels open and the inaetivation 
gates elose? 

32 Deseribe afterhyperpolarizaton and its cause. 

Refraetory Period 

Onee an aetion potential is produced at a given point on the plasma 
membrane, the sensitivity of that area to further stimulation 
deereases for a time ealled the refraetory (ré-frak'tòr-é) period. The 
first part of the refraetory period, during which eomplete insensitiv- 
ity exists to another stimulus, is ealled the absolute refraetory 
period. In many eells, it occurs from the beginning of the aetion 
potential until near the end of repolarization (figure 10.18). At the 
beginning of the aetion potential, depolarization occurs when the 
aetivation gates in the voltage-gated Na + ehannel open. At this time, 



Absolute 


t 



Relative 


Refraetory period 


Time (ms) 


Figure 10.18 Refraetory Period 

The absolute and relative refraetory periods of an aetion potential. In some 
eells, the absolute refraetory period ends during repolarization of the aetion 
potential. 


the inaetivation gates in the voltage-gated Na + ehannels are already 
open (see figure 10.17, step 2). Depolarization ends as the inaetiva- 
tion gates elose (see figure 10.17, step 3). As long as the inaetivation 
gates are elosed, fiirther depolarization eannot occur. When the inae- 
tivation gates open and the aetivation gates elose near the end of 
repolarization (see figure 10.17, step 4), onee again it is possible to 
stimulate the production of another aetion potential. 

The existence of the absolute refraetory period guarantees that, onee 
an aetion potential is begun, both depolarization and repolarization will 
be eompleted, or nearly eompleted, before another aetion potential ean 
begin and that a strong stimulus eannot lead to prolonged depolarization 
of the plasma membrane. The absolute refraetory period has important 
consequences for the rate at which aetion potentials ean be generated 
and for the propagation of aetion potentials. 

The seeond part of the refraetory period, ealled the relative refrae- 
tory period, follows the absolute refraetory period. A stronger-than- 
threshold stimulus ean initiate another aetion potential during the 
relative refraetory period. Thus, after the absolute refraetory period, 
but before the relative refraetory period is eompleted, a sufficiently 
strong stimulus ean produce another aetion potential. The relative 
refraetory period ends when the voltage-gated K + ehannels elose (see 
figure 10.17, step 3). 

33 What are the absolute and relative refraetory periods? Relate them to 
ehanges in voltage-gated Na + ehannels and voltage-gated K + ehannels. 


Prediet 



Does a prolonged threshold stimulus or a prolonged stronger-than-threshold 
stimulus of the same duration produce the most aetion potentials? Explain. 
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Figlire 10.19 Stimulus Strength and Aetion Potential Frequency 

From left to right, eaeh stimulus in the figure is stronger than the previous one. As stimulus strength inereases, the frequency of aetion potentials inereases until a 
maximal rate is produced.Thereafter, inereasing stimulus strength does not inerease aetion potential frequency. 


Aetion Potential Frequency 

The aetion potential frequency is the number of aetion potentials 
produced per unit of time in response to a stimulus. Aetion potential 
frequency is direetly proportional to stimulus strength and to the size 
of the graded potential. A subthreshold stimulus is any stimulus not 
strong enough to produce a graded potential that reaehes threshold. 
Therefore, no aetion potential is produced (figure 10.19). A thresh- 
old stimulus produces a graded potential that is just strong enough 
to reaeh threshold and cause the production of a single aetion poten- 
tial. A maximal stimulus is just strong enough to produce a maxi- 
mum frequency of aetion potentials. A submaximal stimulus 
includes all stimuli between threshold and the maximal stimulus 
strength. For submaximal stimuli, the aetion potential frequency 
inereases in proportion to the strength of the stimulus because the 
size of the graded potential inereases with stimulus strength. A 
supramaximal stimulus is any stimulus stronger than a maximal 
stimulus. These stimuli eannot produce a greater frequency of aetion 
potentials than a maximal stimulus. 

The duration of the absolute refraetory period determines the 
maximum frequency of aetion potentials generated in an excitable 
eell. During the absolute refraetory period, a seeond stimulus, no 
matter how strong, eannot stimulate an additional aetion poten- 
tial. As soon as the absolute refraetory period ends, however, it is 
possible for a seeond stimulus to cause the production of an aetion 
potential. 




If the duration of the absolute refraetory period of a neuron is 1 milliseeond (ms), 
how many aetion potentials are generated by a maximal stimulus in 1 seeond? 


The frequency of aetion potentials provides information about 
the strength of a stimulus. For example, a weak pain stimulus gener- 
ates a low frequency of aetion potentials, whereas a stronger pain 
stimulus generates a higher frequency of aetion potentials. The ability 
to interpret a stimulus as mildly painful versus very painful depends, 
in part, on the frequency of aetion potentials generated by individual 
pain reeeptors. Communication regarding the strength of stimuli 
eannot depend on the magnimdes of aetion potentials because, 
aeeording to the all-or-none prineiple, the magnitudes are always the 
same. The magnitudes of aetion potentials produced by weak and 
strong pain stimuli are the same. 

The ability to stimulate muscle or gland eells also depends on 
aetion potential frequency. A low frequency of aetion potentials pro- 
duces a weaker muscle eontraetion or less seeretion than does a 
higher frequency. For example, a low frequency of aetion potentials 
in a muscle results in ineomplete tetanus and a high frequency in 
eomplete tetanus (see ehapter 8). 

In addition to the frequency of aetion potentials, how long the 
aetion potentials are produced provides important information. For 
example, a pain stimulus of 1 seeond is interpreted differently than 
the same stimulus applied for 30 seeonds. 

34 Define aetion potential frequency. What two faetors determine aetion 
potential frequency? 

35 Define subthreshold, threshold, maximal, submaximal, and 
supramaximalstimuli. What determines the maximum frequency of 
aetion potential generation? 

Propagation of Aetion Potentials 

An aetion potential is a large ehange in the membrane potential that 
propagates, or spreads, aeross the plasma membrane without ehanging 
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1. Aetion potentials propagate in 
one direetion along the axon. 



2. An aetion potential (orange part of 
the membrane) generates loeal 
currents (blaek arrows) that tend to 
depolarize the membrane 
immediately adjaeent to the aetion 
potential. 


Aetion potential propagation 


Outside of membrane beeomes 
more negative as positive 
eharges move away from it. 


Inside of membrane beeomes 
more positive as positive 
eharges move toward it. 



+ 



+ + + + + + + 


Depolarization 
of the membrane 
adjaeent to the 
site of aetion 
potential production 


3. When depolarization caused by the 
loeal currents reaehes threshold, a 
new aetion potential is produced 
adjaeent to where the original 
aetion potential occurred. 


+ + + '+--+'++ + + + 



+ + + ,+ — A A - +,+ + + + + 


+ + + + + 


+ 



4. Aetion potential propagation occurs 
in one direetion because the 
absolute refraetory period of the 
previous aetion potential prevents 
generation of an aetion potential in 
the reverse direetion. 


+ + + 


Absolute refraetory period 
prevents another aetion 
potential. 




+ + 


+ + 

Site of next aetion 
potential 



Proeess Figure 10.20 Aetion Potential Propagation in an Llnmyelinated Axon ap.r. 


its magnimde. Thus, aetion potentials ean transfer information from 
one part of the body to another. Aetion potentials ean propagate 
because an aetion potential produced at one loeation in the plasma 
membrane ean stimulate the production of an aetion potential at an 
adjaeent area of the plasma membrane. Note that an aetion potential 
does not actually move along an axon. Rather, an aetion potential at 
one loeation stimulates the production of another aetion potential at 
an adjaeent loeation, which in turn stimulates the production of 
another, and so on, like a long row of toppling dominos in which eaeh 
domino knoeks down the next one. Eaeh domino falls, but no one 
domino actually travels the length of the row. 

In a neuron, aetion potentials are normally produced at the 
trigger zone and propagate in one direetion along the axon (figure 
10.20, step 1). The loeation at which the next aetion potential is 
generated is different for unmyelinated and myelinated axons (see 
figure 10.10). In an unmyelinated axon, the next aetion potential 
is generated immediately adjaeent to the previous aetion potential. 


When an aetion potential is produced, the inside of the membrane 
beeomes more positive than the outside (figure 10.20, step 2). On 
the outside of the membrane, positively eharged ions from the 
adjaeent area are attraeted to the negative eharges at the site of the 
aetion potential. On the inside of the plasma membrane, posi- 
tively eharged ions at the site of the aetion potential are attraeted 
to the adjaeent negatively eharged part of the membrane. The 
movement of positively eharged ions is ealled an ionie current, or 
loeal current. As a result of the ionie current, the part of the 
membrane immediately adjaeent to the aetion potential depolar- 
izes. That is, the outside of the membrane immediately adjaeent to 
the aetion potential beeomes more negative because of the loss of 
positive eharges and the inside beeomes more positive because of 
the gain of positive eharges. When the depolarization reaehes 
threshold, an aetion potential is produced (figure 10.20, step 3). 

If an aetion potential is initiated at one end of an axon, it is 
propagated in one direetion down the axon. The absolute refraetory 
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Examples of Abnormal Membrane Potentials 



Several eonditions are examples of 
the physiology of membrane potentials and 
the consequence of abnormal ones. 
Hypokalemia (hí-pò-ka-lé'mé-à) is a lower 
than normal eoneentration of K + in the 
blood or extracellular fluid. Reduced extra- 
cellular K + eoneentrations cause hyperpo- 
larization of the resting membrane potential 
(see figure 10.14 b). Thus, a greater than nor- 
mal stimulus is required to depolarize the 
membrane to its threshold level and to initi- 
ate aetion potentials in neurons, skeletal 
muscle, and eardiae muscle. Symptoms of 
hypokalemia include muscular weakness, 


an abnormal eleetroeardiogram, and slug- 
gish reflexes. The symptoms result from the 
reduced sensitivity of the excitable tissues 
to stimulation. The causes of hypokalemia 
include potassium depletion during starva- 
tion, alkalosis, and eertain kidney diseases. 

Hypoealeemia (hí-pó-kal-sè'mè-à) is a 
lower than normal eoneentration of Ca 2+ in 
blood or extracellular fluid. Symptoms of 
hypoealeemia include nervousness and un- 
eontrolled eontraetion of skeletal muscles, 
ealled tetany (tet'à-né). The symptoms are 
due to an inereased membrane permeability 
to Na + that results because low blood levels 


of Ca 2+ cause voltage-gated Na + ehannels 
in the membrane to open. Sodium ions dif- 
fuse into the eell, causing depolarization of 
the plasma membrane to threshold and ini- 
tiating aetion potentials. The tendeney for 
aetion potentials to occur spontaneously in 
nervous tissue and muscles accounts for 
the symptoms. A laek of dietary calcium, a 
laek of vitamin D, and a reduced seeretion 
rate of a parathyroid gland hormone are 
eonditions that cause hypoealeemia. 



ANATOMY & PHYSIOLOGY 



period ensures one-way propagation of an aetion potential because 
it prevents the ionie current from stimulating the production of an 
aetion potential in the reverse direetion (figure 10.20, step 4). 

In a myelinated axon, an aetion potential is conducted from one 
node of Ranvier to another in a proeess ealled saltatory conduction 
(.saltare is Latin, meaning to leap). An aetion potential at one node 
of Ranvier generates ionie currents that flow toward the next node of 
Ranvier (figure 10.21, step 1). The lipids within the membranes of 
the myelin sheath aet as a layer of insulation, foreing the ionie cur- 
rents to flow from one node of Ranvier to the next. In addition, 
voltage-gated Na + ehannels are highly eoneentrated at the nodes of 


Ranvier. Therefore, the ionie current quickly flows to a node and 
stimulates the voltage-gated Na + ehannels to open, resulting in the 
production of an aetion potential (figure 10.21, step 2). 

The speed of aetion potential conduction along an axon 
depends on the myelination of the axon. Aetion potentials are eon- 
ducted more rapidly in myelinated than unmyelinated axons 
because they are formed quickly at eaeh successive node of Ranvier 
(figure 10.21, step 3), instead of being propagated more slowly 
through every part of the axon’s membrane, as in unmyelinated 
axons (see figure 10.20). Aetion potential conduction in a myelin- 
ated fiber is like a grasshopper jumping; in an unmyelinated axon, 


Node of Ranvier Schwann eell Internode 

1. An aetion potential ( orange) at a node 
of Ranvier generates loeal currents 
(blaek arrows). The loeal currents flow 
to the next node of Ranvier because the 
myelin sheath of the Schwann eell 
insulates the axon of the internode. 



2. When the depolarization caused by the 
loeal currents reaehes threshold at the 
next node of Ranvier, a new aetion 
potential is produced ( orange). 



3. Aetion potential propagation is rapid 
in myelinated axons because the aetion 
potentials are produced at successive 
nodes of Ranvier (1-5) instead of at 
every part of the membrane along the 
axon. 




Direetion of aetion potential propagation 




Proeess Figure 10.21 saltatory conduction: Aetion Potential Propagation in a Myelinated Axon 

The gaps between the Schwann eells are exaggerated for elarity. 
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it is like a grasshopper walking. The grasshopper (aetion potential) 
moves more rapidly by jumping. The generation of aetion potentials 
at nodes of Ranvier occurs so rapidly that as many as 30 successive 
nodes of Ranvier are simultaneously in some phase of an aetion 
potential. 

The speed of aetion potential conduction is also affeeted by 
the thiekness of the myelin sheath, which is determined by how 
many times oligodendroeytes or Schwann eells wrap around the 
axon. Heavily myelinated axons have a thieker myelin sheath and 
conduct aetion potentials more rapidly than lightly myelinated 
axons. 

In addition to myelination, the diameter of axons affeets 
the speed of aetion potential conduction. Large-diameter axons 
conduct aetion potentials more rapidly than small-diameter 
axons. 

Combining axon size and myelination there are three major 
eategories of axons. From fastest to slowest conducting speeds, 
they are heavily myelinated type A (largest diameter), lightly 
myelinated type B (medium diameter), and unmyelinated type C 
(small diameter). Most sensory and skeletal motor neurons have 
myelinated type A axons. Rapid response to the external environ- 
ment is possible because of the rapid input of sensory information 
to the CNS and rapid output of aetion potentials to skeletal 
muscles. Type B and C fibers are primarily part of the ANS, which 
stimulates internal organs, such as the stomaeh, intestines, and 
heart. The responses neeessary to maintain internal homeostasis, 
such as digestion, need not be as rapid as responses to the external 
environment. 

36 What is an ionie current? How do ionie currents cause 

the propagation of aetion potentials in unmyelinated axons? 

37 What prevents an aetion potential from reversing its direetion of 
propagation? 

38 Deseribe saltatory conduction of an aetion potential. 

39 Compare the speed of aetion potential conduction based on amount 
of myelination and axon diameter. 

40 Compare the functions of type A nerve fibers with those of type B 
and C nerve fibers. 



importanee of Myelin Sheaths 

Myelin sheaths begin to form late in fetal development. The pro- 
eess continues rapidly until the end of the fìrst year after birth and 
continues more slowly thereafter. The development of myelin 
sheaths is assoeiated with the infant's continuing development of 
more rapid and better-eoordinated responses. 

The importanee of myelinated fìbers is dramatieally illustrated 
in diseases in which the myelin sheath is gradually destroyed. 
Aetion potential transmission is slowed, resulting in impaired eon- 
trol of skeletal and smooth muscles. In severe eases, eomplete 
bloekage of aetion potential transmission ean occur. Multiple sele- 
rosis and some eases of diabetes mellitus result in myelin sheath 
destmetion. 


10.6 The Synapse 

The synapse (sin'aps), which is the junction between two eells, is 
where two eells communicate with eaeh other. The eell that transmits 
a signal toward a synapse is ealled the presynaptie eell, and the eell 
that reeeives the signal is ealled the postsynaptie eell. The average 
presynaptie neuron synapses with about 1000 other neurons, but the 
average postsynaptie neuron has up to 10,000 synapses. Some post- 
synaptie neurons in the part of the brain ealled the cerebellum have 
up to 100,000 synapses. There are two types of synapses: eleetrieal 
and ehemieal. 

Eleetrieal Synapses 

Eleetrieal synapses are gap junctions (see ehapter 4) that allow an 
ionie current to flow between adjaeent eells. At these gap junc- 
tions, the membranes of adjaeent eells are separated by a 2 nm gap 
spanned by tubular proteins ealled connexons. The movement of 
ions through the connexons generates an ionie current. Thus, an 
aetion potential in one eell produces an ionie current that gener- 
ates an aetion potential in the adjaeent eell almost as if the two 
eells had the same membrane. As a result, aetion potentials are 
conducted rapidly between eells, allowing the eells’ aetivity to be 
synehronized. Eleetrieal synapses are important in eardiae muscle 
and in many types of smooth muscle. Coordinated eontraetions of 
these muscle eells occur when aetion potentials in one eell propa- 
gate to adjaeent eells because of eleetrieal synapses (see ehapters 8 

and 17). 

41 What is an eleetrieal synapse? How are eleetrieal synapses important 
in eardiae and smooth muscle? 


ehemieal Synapses 

The essential eomponents of a ehemieal synapse are the presynap- 
tie terminal, the synaptie eleft, and the postsynaptie membrane 
(figure 10.22). The presynaptie terminal is formed from the end of 
an axon, and the spaee separating the axon ending and the eell with 
which it synapses is the synaptie eleft. The membrane of the post- 
synaptie eell opposed to the presynaptie terminal is the postsynaptie 
membrane. Postsynaptie eells are typieally other neurons, muscle 
eells, or gland eells. 

Neurotransmitter Release 

In ehemieal synapses, aetion potentials do not pass direetly from the 
presynaptie terminal to the postsynaptie membrane. Instead, the 
aetion potentials in the presynaptie terminal cause the release of 
neurotransmitters from the terminal. 

Presynaptie terminals are speeialized to produce and release 
neurotransmitters. The major eytoplasmie organelles within pre- 
synaptie terminals are mitoehondria and numerous membrane- 
bound synaptie vesieles, which eontain neurotransmitters, such as 
aeetyleholine (see figure 10.22). Eaeh aetion potential arriving at 
the presynaptie terminal initiates a series of speeifie events, which 
result in the release of neurotransmitters. In response to an aetion 
potential, voltage-gated Ca 2+ ehannels open, and Ca 2+ diffuse into 
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Relevanee 


When a nerve is cut, either healing or 
permanent intermption of the neural path- 
ways occurs. The fìnal outcome depends on 
the severity of the injury and on its treatment. 

Several degenerative ehanges result 
when a nerve is cut (figure A). Within about 
3-5 days, the axons in the part of the nerve 
distal to the cut break into irregular segments 
and degenerate.This occurs because the neu- 
ron eell body produces the substances essen- 
tial to maintain the axon, and these substances 
have no way of reaehing parts of the axon 
distal to the point of damage. Eventually, the 
distal part of the axon eompletely degener- 
ates. As the axons degenerate, the myelin part 
of the Schwann eells around them also degen- 
erates, and maerophages invade the area to 
phagoeytize the myelin. The Schwann eells 
then enlarge, undergo mitosis, and fìnally 
form a column of eells along the regions onee 
occupied by the axons. The columns of 
Schwann eells are essential for the growth of 


Nervous Tissue Response to lnjury 

new axons. If the ends of the regenerating 
axons encounter a Schwann eell column, their 
rate of growth inereases, and reinnervation of 
peripheral structures is likely. If the ends of the 
axons do not encounter the columns, they fail 
to reinnervate the peripheral structures. 

The end of eaeh regenerating axon forms 
several axonal sprouts. It normally takes 
about 2 weeks for the axonal sprouts to enter 
the Schwann eell columns. Only one of the 
sprouts from eaeh severed neuron forms an 
axon, however.The other branehes degener- 
ate. After the axons grow through the 
Schwann eell columns, new myelin sheaths 
are formed, and the neurons reinnervate the 
structures they previously supplied. 

Treatment strategies that inerease the 
probability of reinnervation include bring- 
ing the ends of the severed nerve elose 
together surgically. In some eases in which 
seetions of nerves are destroyed as a result 
of trauma, nerve transplants are performed 



to replaee damaged segments. The trans- 
planted nerve eventually degenerates, but 
it does provide Schwann eell columns 
through which axons ean grow. 

The regeneration of damaged traets 
within the CNS is very limited and is poor in 
eomparison with the regeneration of nerves in 
the PNS. In part, the differenee may result from 
the oligodendroeytes, which exist only in the 
CNS. Eaeh oligodendroeyte has several pro- 
eesses, eaeh of which forms part of a myelin 
sheath. The eell bodies of the oligodendro- 
eytes are a short distanee from the axons they 
ensheathe, and fewer oligodendroeytes than 
Schwann eells are present. Consequently, 
when the myelin degenerates following dam- 
age, no column of eells remains in the CNS to 
aet as a guide for the growing axons. 
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Neuron 
eell body 


Axon 


Schwann eell 


Muscle fiber 


(a) 




Muscle 

atrophies 



undergoes 

hypertrophy, 


Axon 


Neuron 
eell body 


Muscle fiber 


(b) 




atrophies 



remains 

atrophied 


Figlire A ehanges That Occur in an lnjured Nerve Fiber 

(a) When the two ends of an injured nerve fiber are aligned in elose proximity, healing and regeneration of the axon are likely to occur. Without stimulation from 
the nerve, the muscle is paralyzed and atrophies (shrinks in size). After reinnervation, the muscle ean beeome functional and hypertrophy (inerease in size). 

(ò) When the two ends of an injured nerve fiber are not aligned in elose proximity, regeneration is unlikely to occur. Without innervation from the nerve, muscle 
function is eompletely lost, and the muscle remains atrophied. 
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1. Aetion potentials arriving at the presynaptie terminal cause voltage- 
gated Ca 2+ ehannels to open. 

2. Calcium ions diffuse into the eell and cause synaptie vesieles to release 
neurotransmitters. 

3. Neurotransmitters diffuse from the presynaptie terminal aeross 
the synaptie eleft. 

4. Neurotransmitters eombine with their reeeptor sites and cause 
ligand-gated ion ehannels to open. lons diffuse into the eell (shown in 
illustration) or out of the eell ( notshown ) and cause a ehange in 
membrane potential. 

Proeess Figiire 10.22 ehemieal Synapse apr 

A ehemieal synapse eonsists of the end of a neuron (presynaptie terminal), a 

small spaee (synaptie eleft), and the postsynaptie membrane of another neuron 

or an effeetor eell, such as a muscle or gland eell. 


the presynaptie terminal. These ions cause synaptie vesieles to fuse 
with the presynaptie membrane and release their neurotransmitters 
by exocytosis into the synaptie eleft. 

Onee neurotransmitters are released from the presynaptie termi- 
nal, they diffuse rapidly aeross the synaptie eleft, which is about 20 nm 
wide, and bind in a reversible fashion to speeifie reeeptors in the 


postsynaptie membrane (see figure 10.22). Depending on the reeep- 
tor type, this binding produces a depolarizing or hyperpolarizing 
graded potential in the postsynaptie membrane. For example, the 
binding of aeetyleholine to ligand-gated Na + ehannels causes them to 
open, allowing the diffusion of Na + into the postsynaptie eell. If the 
resulting depolarizing graded potential reaehes threshold, an aetion 
potential is produced. On the other hand, the opening of K + or Cl“ 
ehannels results in a hyperpolarizing graded potential. 

Although many synapses operate with ligand-gated ion ehannels 
(ionotropie reeeptors), some have different kinds of reeeptors ealled 
G protein-coupled reeeptors (GPCRs) or metabotropie reeeptors. 
These reeeptors ean cause ion ehannels to open as well as many other 
effeets. They are discussed in detail in ehapter 15. 

42 What are the three parts of a ehemieal synapse? 

43 Deseribe the release of a neurotransmitter in a ehemieal synapse. 


Prediet 



ls an aetion potential transmitted fastest between eells eonneeted by eleetrieal 
synapses or ehemieal synapses? Explain. 


Neurotransmitter Removal 

Neurotransmitters have short-term effeets on postsynaptie mem- 
branes because the neurotransmitter is rapidly destroyed or 
removed from the synaptie eleft. For example, in the neuromuscu- 
lar junction, the neurotransmitter aeetyleholine is broken down by 
the enzyme aeetyleholinesterase (as'e-til-kò-lin-es'ter-às) to aeetie 
aeid and eholine (see figure 8.8). Transport proteins move eholine 
by seeondary aetive transport into the presynaptie terminal, and 
eholine reaets with acetyl-CoA to form aeetyleholine. Thus, part of 
the neurotransmitter is reeyeled. 

In most ehemieal synapses, however, neurotransmitters are reey- 
eled intaet into presynaptie terminals and astroeytes. Examples include 
serotonin (see illustration in table 10.4, p. 288), glutamate (see illustra- 
tion in table 10.4, p. 288), aspartate, norepinephrine, gamma-amino 
butyric aeid (GABA), and glyeine. In presynaptie terminals, neu- 
rotransmitters are repaekaged into synaptie vesieles for reuse. 

44 Name two ways to stop the effeet of a neurotransmitter on the 
postsynaptie membrane. Give examples of eaeh way. 


Modifying Synaptie Aetivity 

Neuromodulators are substances released from neurons that ean 
presynaptieally or postsynaptieally influence the likelihood that an 
aetion potential in the presynaptie terminal will result in the pro- 
duction of an aetion potential in the postsynaptie eell. For exam- 
ple, a neuromodulator that deereases the release of an excitatory 
neurotransmitter from a presynaptie terminal deereases the likeli- 
hood of aetion potential production in the postsynaptie eell. 
Astroeytes produce at least 20 neuroactive compounds, including 
neurotransmitters, that inerease or deerease synaptie aetivity. See 
table 10.4 for examples of neurotransmitters and neuromodulators. 

45 What is a neuromodulator? 
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Table 10.4 


eiinieal Examples of Synaptie Function 


Neiirotransmitter/ 

Neuromodulator 


eiinieal Examples 


Aeetyleholine 

Structure: 


h 3 c 



Site of release: CNS synapses, 
ANS synapses, and 
neuromuscular 
junctions 

Effeet: excitatory in the CNS and 
neuromuscular junctions; 
inhibitory or excitatory in 
ANS synapses 


Myasthenia Gravis 

Myasthenia gravis is a disease in which the ability of skeletal muscle to respond to nervous system stimulation 
deereases, resulting in muscle weakness and even paralysis. Antibodies are proteins produced by the immune system 
that ean attaeh to foreign substances, such as baeteria (see ehapter 22). In myasthenia gravis, antibodies 
inappropriately attaeh to aeetyleholine reeeptors.The antibodies link the reeeptors together, which cause them to be 
removed from the plasma membrane faster than normal, deereasing the number of reeeptors.The antibodies also 
stimulate immune responses that lead to destruction of the postsynaptie membrane, which deereases the number of 
Na + ehannels in the synapse.Thus, the ability of ACh to stimulate aetion potential production deereases because 
there are fewer ligand-gated ACh reeeptors, and the ability to generate an aetion potential is reduced because there 
are fewer voltage-gated Na + ehannels. 


Normal 


Myasthenia gravis 


ACh 



Presynaptie 

terminal 





Synaptie 

eleft 



Antibody 


- t 


ACh reeeptor 
(ligand-gated 
Na+ ehannel) 


Postsynaptie 
membrane of 
muscle fiber 



Voltage-gated 
Na+ ehannels 


Less postsynaptie 
membrane 


Fewer Na+ 
ehannels 


Biogenie Amines 

Serotonin 

Structure: 


HO 



NH 


Site of release: CNS synapses 
Effeet: generally inhibitory 


Antidepressant Therapy 

Seleetive serotonin reuptake inhibitors (SSRIs), such as Prozae and Zoloft, are drugs eommonly used to treat 
depression.They temporarily bloek serotonin transporters (symporters), which deereases serotonin transport baek 
into presynaptie terminals, resulting in inereased serotonin levels in synaptie elefts. In some people, the inereased 
stimulation of the postsynaptie neuron by serotonin relieves depression. 


Before SSRI treatment 


After SSRI treatment 


Serotonin 
transporter 



Serotonin 


Serotonin reeeptor 


Presynaptie terminal 


Postsynaptie membrane 



inereased levels of serotonin 


SSRI bloeks 

serotonin 

transporters, 

resulting in 

inereased 

serotonin 


result in inereased stimulation levels in the 


of serotonin reeeptors. 


synaptie eleft 
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Table 10.4 


Cl nieal Examples of Synaptie Function—Continued 


Neurotransmitter/ 


Neuromodulator 


eiinieal Examples 


Serotonin (continued) 


Dopomine 

Structure: 



NH 2 

Site of release: seleeted CNS 
synapses; also found in some 
ANS synapses 

Effeet: excitatory or inhibitory 


Anxiety Disorders 

SSRIs are also used to treat panie disorders, such as obsessive-compulsive disorder (OCD), a faet that makes researehers 
believe that OCD might be linked to abnormalities in serotonin function. 

Hallucinogens 

The hallucinogenic drug D-lysergie aeid diethylamide (LSD) bloeks serotonin transporters in speeifie areas of the brain 
and produces hallucinogenic effeets. Other drugs, such as eestasy, are also hallucinogens that bloek serotonin 
transporters. 

Drug Addietion 

Cocaine bloeks dopamine transporters (symporters), vvhieh inereases dopamine levels in synaptie elefts, resulting in 
overstimulation of postsynaptie neurons. Although moderate levels of dopamine ean cause euphoria, high levels of 
dopamine ean produce psyehotie effeets. 

Parkinson Disease 

Parkinson disease results from the destruction of dopamine-producing neurons, and it is eharaeterized by tremors and 
deereased voluntary motor eontrol. Parkinson disease is treated vvith the drug L-Dopa, vvhieh inereases the 
production of dopamine in the presynaptie terminals of remaining neurons. Another treatment option is drugs that 
mimie the aetion of dopamine. 


Norepinephrine 

Structure: 


OH 

/NH 2 

1 H 2 

Site of release: seleeted CNS 
synapses and some ANS 
synapses 

Effeet: excitatory 

Amino Aeids 

Gommo-Amino ButyricAcid (GABA) 
Structure: 



Site of release: CNS synapses 

Effeet: inhibitory effeet on 
postsynaptie neurons; some 
presynaptie inhibition occurs 
in the spinal eord 


Attention-Defìeit Hyperaetivity Disorder (ADHD) 

ADHD is often treated vvith drugs that inerease the level of excitatory neurotransmitters, such as norepinephrine, in the 
synaptie elefts.This is aehieved by using seleetive norepinephrine reuptake inhibitors (SNRIs) that bloek 
norepinephrine transporters (symporters) and inerease the levels of norepinephrine in the synaptie elefts. 

Amphetamines 

Amphetamines are drugs vvith excitatory effeets on the CNS.They inerease the levels of norepinephrine and dopamine 
in synaptie elefts by either bloeking the reuptake of these neurotransmitters or promoting their release from synaptie 
vesieles.The CNS effeets of amphetamines include deereased appetite, inereased alertness, and inereased ability to 
eoneentrate and perform physieal tasks. Amphetamines are used to treat ADHD, elinieal depression, nareolepsy, and 
ehronie fatigue syndrome. An overdose of amphetamines ean cause insomnia, tremors, anxiety, and panie. 


Barbiturates 

Certain GABA reeeptors are ligand-gated ehannels that permit the inflovv of Cl“ vvhen stimulated. GABA produces an 
inhibitory (or a hyperpolarizing) effeet by binding to these reeeptors and promoting Cl“ inflovv. Barbiturates enhanee the 
binding of GABA totheir reeeptors, resulting in the prolonged inhibition of postsynaptie neurons.These dmgsare used as 
sedatives and anestheties and as a treatment for epilepsy, vvhieh is eharaeterized by excessive neuronal diseharge. 


Without barbiturates 


With barbiturates 


Cl 


o 


o 


GABA 



GABA binding briefly 
opens Cr ehannel. 


Barbiturate 


GABA reeeptor 
(GABA-gated 
Cr ehannel) 


o 


o 


Enhaneed GABA 
binding opens Cl“ 
ehannel vvider for 
an extended period 


Empty barbiturate 
binding site 



o 



o 


Barbiturate binding 
enhanees GABA 
binding. 


The inflovv of Cl causes inhibition 
of the postsynaptie neuron. 


Greater inflovv of Cl“ causes 
prolonged inhibition of the 
postsynaptie neuron. 
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Table 10.4 


eiinieal Examples of Synaptie Function—Continued 


Neurotransmitter/ 


Neuromodulator 


eiinieal Examples 


GABA (continued) 


Glyeine 

Structure: 


H 

H 







Site of release: CNS synapses 
Effeet: inhibitory 
Glutamate 
Structure: 



H 

C- 

CH 2 



X OH 



Site of release: CNS synapses; in 
areas of the brain that are 
involved in learning and 
memory 

Effeet: excitatory 


Benzodiazepines 

Benzodiazepines that are used in anti-anxiety drugs also have binding sites on eertain GABA reeeptors. Their aetion is 
similartothat of barbiturates in that they enhanee the binding of GABAto its reeeptor, producing an inhibitory 
effeet. 

Aleohol Dependenee 

Aleohol aets in ways similar to barbiturates to enhanee the effeet of GABA. As a result, the ligand-gated Cl“ ehannel 
beeomes more permeable to Cl _ , producing an inhibitory effeet. Chronic consumption of aleohol renders the GABA 
reeeptor less sensitive to both aleohol and GABA, resulting in inereased aleohol dependenee and aleohol withdrawal 
symptoms, such as anxiety, tremors, and insomnia. Aleohol withdrawal symptoms are often treated with 
benzodiazepines. 

Stryehnine Poisoning 

Glyeine reeeptors are similar to GABA reeeptors in that they aet as ligand-gated ehannels permitting the inflow of Cl“. 
The poison stryehnine bloeks glyeine reeeptors, which inereases the excitability of eertain neurons by preventing their 
inhibition. Stryehnine poisoning results in powerful muscle eontraetions and convulsions. Tetanus of respiratory 
muscles ean cause death. 


Stroke and Excitotoxicity 

Glutamate is the major excitatory neurotransmitter of the CNS. Glutamate reeeptors are ligand-gated Ca 2+ ehannels. 
When stimulated, Ca 2+ ehannels open, causing depolarization of postsynaptie membranes. Some glutamate is 
removed from the synapse by transporters in presynaptie terminals, whereas the bulk of it is removed by transporters 
(symporters) in neighboring astroeytes. When a person suffers a stroke, brain tissue is deprived of oxygen and ATP 
levels deerease.This causes the seeondary aetive transport of glutamate by the glutamate transporters to fail 
temporarily. As a result, glutamate accumulates in the synaptie elefts and causes excessive stimulation of postsynaptie 
neurons. Excessive movement of Ca 2+ into neurons aetivates a variety of destmetive proeesses, which ean cause eell 
death. 



Failed glutamate transporter 
because of deereased ATP 


inereased levels 
of glutamate 
because of failed 
glutamate 
transporters 

Glutamate 

Postsynaptie 
membrane of 
neuron 

Glutamate 
reeeptor 


Astroeyte 


Astroeyte 

membrane 


Presynaptie membrane 


Failed glutamate 
transporter 
because of 
deereased ATP 


Excessive stimulation of postsynaptie neuron 


Cognition 

Glutamate is implieated in learning and memory. Drugs that target speeifie glutamate reeeptors are often used in the 
treatment of Alzheimer disease. 
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Table 10.4 


eiinieal Examples of Synaptie Function—Continued 


Neurotransmitter/ 


Neuromodulator 


eiinieal Examples 


Purines 

Adenosine 

Structure: 

NH 2 



OH HO 


Neuroprotective Agent 

Adenosine aets both as a neurotransmitter and a neuromodulator. Adenosine reeeptors are linked to G-proteins (see 
figure 3.11). As a neurotransmitter, adenosine stimulates the opening of Cl~ and K + ehannels on postsynaptie 
membranes, thereby producing a hyperpolarizing effeet. Aeting as a neuromodulator, adenosine stimulates the 
elosing of Ca 2+ ehannels on presynaptie neurons, causing the inhibition of neurotransmitter release. Adenosine 
production greatly inereases during a stroke. It preventsthe release ofglutamate from presynaptie vesieles, which 
reduces the level of glutamate in synaptie elefts. It also hyperpolarizes the postsynaptie membranes of glutamate 
synapses, thereby countering the excitatory effeets of glutamate. As a result, the damaging effeets of glutamate 
during a stroke are diminished.The possibility of using adenosine as an antistroke agent is being investigated. 

Caffeine 

Adenosine produces drowsiness, which is countered by eaffeine, which bloeks adenosine reeeptors and promotes 
alertness. Caffeine also promotes eognition by bloeking adenosine's inhibitory effeet on glutamate function. 


Site of release: CNS synapses; in the 
areas of the brain that are involved 
in learning and memory 

Effeet: inhibitory 

Neuropeptides 

Substance P 

Structure: polypeptide 
(10 amino aeids) 

Site of release: deseending pain 
pathways 

Effeet: excitatory 

Endorphins 

Structure: polypeptide (30 amino 
aeids) 

Site of release: deseending pain 
pathways 

Effeet: inhibitory 


Pain Therapy 

Substance P aets as a neurotransmitter and neuromodulator. The reeeptor for substance P is ealled a neurokinin 
reeeptor, which is linked to a G-protein complex (see figure 3.11). Drugs such as morphine reduce pain by bloeking 
the release of substance P. 


Opiates 

Endorphins bind to endorphin reeeptors on presynaptie neurons and reduce pain by bloeking the release of 
substance P. Endorphins also produce feelings of euphoria. Opiates such as morphine and heroin also bind to 
endorphin reeeptors, resulting in similar effeets. 


Nitrie Oxide (NO) 

Structure: N = 0 

Site of release: CNS, nerves 
supplying the adrenal gland, 
penis 

Effeet: excitatory 


Stroke Damage 

During a stroke, rising glutamate levels aet on postsynaptie neurons and cause the release of NO, which in high 
eoneentrations ean be toxic to eells. Nitrie oxide also diffuses out of postsynaptie neurons, enters neighboring eells, 
and damages them. 

Treatment of Ereetile Dysfiinetion 

During sexual arousal, NO is released from nerves, causing the vasodilation ofthe blood vessels supplying the penis. Viagra, 
which is used to treat ereetile dysfunction, aets by prolonging the effeet of NO on these blood vessels (see ehapter 24). 


Excitatory and Inhibitory 
Postsynaptie Potentials 

The eombination of neurotransmitters with their speeifie reeeptors 
causes either depolarization or hyperpolarization of the postsynaptie 
membrane. When depolarization occurs, the response is stimulatory, 
and the graded potential is ealled an excitatory postsynaptie poten- 
tial (EPSP) (figure 10.23^). EPSPs are important because the depolar- 
ization might reaeh threshold, thereby producing an aetion potential 
and a response from the eell. Neurons releasing neurotransmitters or 
neuromodulators that cause EPSPs are ealled excitatory neurons. 


How Loeal Anestheties work 

Awareness of pain ean occur only if aetion potentials generated by 
sensory neurons stimulate the production of aetion potentials in 
CNS neurons. Loeal anestheties, such as proeaine (Novoeain), aet at 
their site of applieation to prevent pain sensations. They do so by 
bloeking voltage-gated Na + ehannels, which prevents the propaga- 
tion of aetion potentials along sensory neurons. Consequently, neu- 
rotransmitters are not released from the presynaptie terminals of the 
sensory neurons and EPSPs are not produced in CNS neurons. 
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(a) Excitatory postsynaptie potential (EPSP) 


0 


Threshold 

> 

Resting membrane Loeal hyperpolarization 

£ 

potential (IPSP) 

-70 

\ / 

\r 


Time (ms)- > 


(b) Inhibitory postsynaptie potential (IPSP) 


Figure 10.23 Postsynaptie Potentials 

(a) An excitatory postsynaptie potential (EPSP) is eloser to threshold. 

( b) An inhibitory postsynaptie potential (IPSP) is further from threshold. 


When the eombination of a neurotransmitter with its reeeptor 
results in hyperpolarization of the postsynaptie membrane, the 
response is inhibitory, and the loeal hyperpolarization is ealled an 

inhibitory postsynaptie potential (IPSP) (figure 10.23^). IPSPs are 

important because they deerease the likelihood of producing aetion 
potentials by moving the membrane potential fiarther from thresh- 
old. Neurons releasing neurotransmitters or neuromodulators that 
cause IPSPs are ealled inhibitory neurons. 

Presynaptie Inhibition and Faeilitation 

Many of the synapses of the CNS are axoaxonic synapses, meaning 
that the axon of one neuron synapses with the presynaptie terminal 
(axon) of another (figure 10.24). Through axoaxonic synapses, one 
neuron ean release a neuromodulator that influences the release of a 
neurotransmitter from the presynaptie terminal of another neuron. 

In presynaptie inhibition, there is a reduction in the amount of 
neurotransmitter released from the presynaptie terminal. For exam- 
ple, sensory neurons for pain ean release neurotransmitters from their 
presynaptie terminals and stimulate the postsynaptie membranes of 
neurons in the brain or spinal eord. Awareness of pain occurs only if 
aetion potentials are produced in the postsynaptie membranes of the 
CNS neurons. Enkephalins and endorphins released from inhibitory 


Presynaptie 


neuron 


Aetion 

potential 



Inhibitory 

neuron 


(a) 



o 


o 


Aetion 

potential 



Figlire 10.24 Presynaptie inhibition at an Axoaxonic 

Synapse 

(u)The inhibitory neuron of the axoaxonic synapse is inaetive and has no effeet 
on the release of neurotransmitter from the presynaptie terminal. (ò) The 
inhibitory neuron releases a neuromodulator that reduces the amount of 
neurotransmitter released from the presynaptie terminal. 


neurons of axoaxonic synapses ean reduce or eliminate pain sensa- 
tions by inhibiting the release of neurotransmitter from the presyn- 
aptie terminals of sensory neurons (see figure 10.24). Enkephalins 
and endorphins ean bloek voltage-gated Ca 2+ ehannels. Consequently, 
when aetion potentials reaeh the presynaptie terminal, the influx of 
Ca 2+ that normally stimulates neurotransmitter release is bloeked. 

In presynaptie faeilitation, there is an inerease in the amount 
of neurotransmitter released from the presynaptie terminal. For 
example, serotonin, released in eertain axoaxonic synapses, fimetions 
as a neuromodulator that inereases the release of neurotransmitter 
from the presynaptie terminal by causing voltage-gated Ca 2+ ehan- 
nels to open. 

46 Define and explain the production of EPSPs and IPSPs. Why are they 
important? 

47 What are presynaptie inhibition and presynaptie faeilitation? 


Spatial and Temporal Snmmation 

Within the CNS and in many PNS synapses, a single presynaptie 
aetion potential does not cause a graded potential (EPSP) in the 
postsynaptie membrane sufficient to reaeh threshold and produce an 
aetion potential. Instead, many presynaptie aetion potentials cause 
many graded potentials in the postsynaptie neuron. The graded 
potentials eombine in summation at the trigger zone of the postsyn- 
aptie neuron, which is the normal site of aetion potential generation 
for most neurons. If summation results in a graded potential that 
exceeds threshold at the trigger zone, an aetion potential is produced. 
Aetion potentials are readily produced at the trigger zone because the 
eoneentration of voltage-gated Na + ehannels is approximately seven 
times greater there than at the rest of the eell body. 

Two types of summation are possible: spatial summation and 
temporal summation. The simplest type of spatial summation 
occurs when two aetion potentials arrive simultaneously at two dif- 
ferent presynaptie terminals that synapse with the same postsynaptie 
neuron. In the postsynaptie neuron, eaeh aetion potential causes a 
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(a) Spatial summation. Aetion potentials 1 and 2 
cause the production of graded potentials at two 
different dendrites.These graded potentials 
summate at the trigger zone to produce a graded 
potential that exceeds threshold, resulting in an 
aetion potential. 


(b) Temporal summation. Two aetion potentials 
arrive in elose succession at the presynaptie 
membrane.The first aetion potential causes 
the production of a graded potential that 
does not reaeh threshold at the trigger 
zone.The seeond aetion potential results 
in the production of a seeond graded potential 
that summates with the first to reaeh 
threshold, resulting in the production of an 
aetion potential. 


(e) Combined spatial and temporal summation 
with both excitatory postsynaptie potentials 
(EPSPs) and inhibitory postsynaptie 
potentials (IPSPs). An aetion potential is 
produced at the trigger zone when the graded 
potentials produced as a result of the EPSPs 
and IPSPs summate to reaeh threshold. 


Axon 


Aetion potential 1 


Aetion potential 2 



Aetion 
potentials 



(with temporal summation) 



Inhibitory 


Excitatory 


Figlire 10.25 Summation 


depolarizing graded potential that undergoes summation at the trig- 
ger zone. If the summated depolarization reaehes threshold, an 
aetion potential is produced (figure 10.25^). 

Temporal summation results when two or more aetion poten- 
tials arrive in very elose succession at a single presynaptie terminal. 
The first aetion potential causes a depolarizing graded potential in 
the postsynaptie membrane that remains for a few milliseeonds 
before it disappears, although its magnitude deereases through time. 
Temporal summation results when another aetion potential initiates 
another graded depolarization before the depolarization caused by the 
previous aetion potential returns to its resting value (see figure 10.15^). 
Subsequent aetion potentials cause depolarizations that summate 


with previous depolarizations. If the summated depolarizing graded 
potentials reaeh threshold at the trigger zone, an aetion potential is 
produced in the postsynaptie neuron (figure 10.25^). 

Excitatory and inhibitory neurons ean synapse with the same 
postsynaptie neuron. Spatial summation of EPSPs and IPSPs occurs 
in the postsynaptie neuron, and whether a postsynaptie aetion poten- 
tial is initiated or not depends on which type of graded potential has 
the greatest influence on the postsynaptie membrane potential 
(figure 10.25c). If the EPSPs (loeal depolarizations) eaneel the IPSPs 
(loeal hyperpolarizations) and summate to threshold, an aetion 
potential is produced. If the IPSPs prevent the EPSPs from summat- 
ing to threshold, no aetion potential is produced. 
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The synapse is an essential structure for the proeess of integra- 
tion earried out by the CNS. For example, aetion potentials propa- 
gated along axons from sensory organs to the CNS ean produce a 
sensation, or they ean be ignored. To produce a sensation, aetion 
potentials must be transmitted aeross synapses as they travel through 
the CNS to the eerebral cortex, where information is interpreted. 
Stimuli that do not result in aetion potential transmission aeross 
synapses are ignored because information never reaehes the eerebral 
cortex. The brain ean ignore large amounts of sensory information as 
a result of complex integration. 

48 Define spatialsummation and temporalsummation. In what part of 
the neuron does summation take plaee? 

49 How do EPSPs and IPSPs affeet the likelihood that summation will 
result in an aetion potential? 

10.7 Neuronal Pathways 

and Circuits 

The organization of neurons within the CNS varies from relatively 
simple to extremely complex patterns. The axon of a neuron ean 
braneh repeatedly to form synapses with many other neurons, and 
hundreds or even thousands of axons ean synapse with the eell body 
and dendrites of a single neuron. Although their complexity varies, 
three basie patterns ean be reeognized: eonvergent pathways, diver- 
gent pathways, and oseillating circuits. 

In eonvergent pathways, many neurons eonverge and synapse 
with a smaller number of neurons (figure 10.26a). Convergence makes 
it possible for different parts of the nervous system to aetivate or inhibit 
the aetivity of neurons. For example, one part of the nervous system 
ean stimulate the neurons responsible for making a muscle eontraet, 
whereas another part ean inhibit those neurons. Through summation, 


aetion potentials resulting in muscle eontraetion ean be produced if 
the eonverging neurons stimulate the production of more EPSPs than 
IPSPs. Conversely, muscle eontraetion is inhibited if the eonverging 
neurons stimulate the production of more IPSPs than EPSPs. 

In divergent pathways, a smaller number of presynaptie neu- 
rons synapse with a larger number of postsynaptie neurons to allow 
information transmitted in one neuronal pathway to diverge into 
two or more pathways (figure 10.26^). Diverging pathways allow one 
part of the nervous system to affeet more than one other part of the 
nervous system. For example, sensory input to the eentral nervous 
system ean go to both the spinal eord and the brain. 

Oseillating circuits have neurons arranged in a circular fashion, 
which allows aetion potentials entering the circuit to cause a neuron 
farther along in the circuit to produce an aetion potential more than 
onee (figure 10.26c). This response is ealled afìter-diseharge, and its 
effeet is to prolong the response to a stimulus. Oseillating circuits are 
similar to positive-feedbaek systems. Onee an oseillating circuit is 
stimulated, it continues to diseharge until the synapses involved 
beeome fatigued or until they are inhibited by other neurons. 
Oseillating circuits play a role in neuronal circuits that are periodi- 
eally aetive. Respiration may be eontrolled by an oseillating circuit 
that eontrols inspiration and another that eontrols expiration. 

Neurons that spontaneously produce aetion potentials are eom- 
mon in the CNS and may aetivate oseillating circuits, which remain 
aetive awhile. The eyele of wakefulness and sleep may involve circuits 
of this type. Spontaneously aetive neurons ean also influence the 
aetivity of other circuit types. The complex fimetions earried out by 
the CNS are affeeted by the numerous circuits operating together 
and influencing the aetivity of one another. 

50 Diagram a eonvergent pathway, a divergent pathway, and an 
oseillating circuit, and deseribe what is aeeomplished in eaeh. 


Inputs lnput lnput 



(afterdiseharges) 

(a) Convergent pathway (b) Divergent pathway (e) Oseillating circuit 

Figure 10.26 Neuronal Pathways and Circuits 

The direetion of aetion potential propagation is represented by the orange arrovvs. (a) General model of a eonvergent pathway; many neurons eonverge and synapse 
with a smaller number of neurons. (ò) General model of a divergent pathway; a few neurons synapse with a larger number of neurons. (e) Simple model of an 
oseillating circuit; input aetion potentials result in the production of a larger number of output aetion potentials because neurons within the circuit are repeatedly 
stimulated to produce aetion potentials. 
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10.1 Functions of the Nervous System (p. 268) 

The nervous system deteets external and internal stimuli (sensory input), 
proeesses and responds to sensory input (integration), eontrols body 
movements through skeletal muscles, maintains homeostasis by regulating 
other systems, and is the eenter for mental aetivities. 

10.2 Parts of the Nervous System (p. 268 ) 

1. The nervous system has two anatomieal divisions. 

■ The eentral nervous system (CNS) eonsists of the brain and spinal 
eord and is eneased in bone. 

■ The peripheral nervous system (PNS), the nervous tissue outside of 
the CNS, eonsists of sensory reeeptors and nerves. 

2. The PNS has two divisions. 

■ The sensory division transmits aetion potentials from sensory 
reeeptors to the CNS. 

■ The motor division earries aetion potentials away from the CNS in 
eranial or spinal nerves. 

3. The motor division has two subdivisions. 

■ The somatie nervous system innervates skeletal muscle. 

■ The autonomic nervous system (ANS) innervates eardiae muscle, 
smooth muscle, and glands. 

4. The ANS is subdivided into the sympathetie division, which is most 
aetive during physieal aetivity; the parasympathetie division, which 
regulates resting functions; and the enterie division, which eontrols the 
digestive system. 

3. The anatomieal divisions perform different ffmetions. 

■ The PNS deteets stimuli and transmits information to and reeeives 
information from the CNS. 

■ The CNS proeesses, integrates, stores, and responds to information 
from the PNS. 

10.3 eells of the Nervous System <p. 269) 

Neurons 

1. Neurons reeeive stimuli and transmit aetion potentials. 

2. Neurons have three eomponents. 

■ The eell body is the primary site of protein synthesis. 

■ Dendrites are short, branehed eytoplasmie extensions of the eell 
body that usually conduct eleetrie signals toward the eell body. 

■ An axon is a eytoplasmie extension of the eell body that transmits 
aetion potentials to other eells. 

Types of Neiirons 

1. Multipolar neurons have several dendrites and a single axon. 
Interneurons and motor neurons are multipolar. 

2. Bipolar neurons have a single axon and dendrite and are found as 
eomponents of sensory organs. 

3. LJnipolar neurons have a single axon. Most sensory neurons are unipolar. 

Glial eells of the CNS 

1. Glial eells are nonneural eells that support and aid the neurons of the 

CNS and PNS. 

2. Astroeytes provide structural support for neurons and blood vessels. 
Astroeytes influence the ffmetioning of the blood-brain barrier and 
proeess substances that pass through it. Astroeytes isolate damaged 
tissue and limit the spread of inflammation. 

3. Ependymal eells line the ventrieles and the eentral eanal of the spinal 
eord. Some are speeialized to produce eerebrospinal fluid. 

4. Mieroglia phagoeytize mieroorganisms, foreign substances, and neerotie 


3. An oligodendroeyte forms myelin sheaths around the axons of several 
CNS neurons. 

Glìal eells of the pns 

1. A Schwann eell forms a myelin sheath around part of the axon of a 
PNS neuron. 

2. Satellite eells support and nourish neuron eell bodies within ganglia. 

Myelinated and llnmyelinated Axons 

1. Myelinated axons are wrapped by several layers of plasma membrane 
from Schwann eells (PNS) or oligodendroeytes (CNS). Spaees between 
the wrappings are the nodes of Ranvier. Myelinated axons conduct 
aetion potentials rapidly. 

2. Unmyelinated axons rest in invaginations of Schwann eells (PNS) or 
oligodendroeytes (CNS). They conduct aetion potentials slowly. 

10.4 Organization of Nervous Tissue (p. 273) 

1. Nervous tissue ean be grouped into white matter and gray matter. 

■ White matter eonsists of myelinated axons; it propagates aetion potentials. 

■ Gray matter eonsists of eolleetions of neuron eell bodies or 
unmyelinated axons. Axons synapse with neuron eell bodies, which 
are ffmetionally the site of integration in the nervous system. 

2. White matter forms traets in the CNS and nerves in the PNS. Gray 
matter forms cortex and nuclei in the CNS and ganglia in the PNS. 

10.5 Eleetrie Signals <p. 273) 

Eleetrieal properties of eells result from the ionie eoneentration differenees 
aeross the plasma membrane and from the permeability eharaeteristies of 
the plasma membrane. 

eoneentration Differenees Aeross the Plasma Membrane 

1. The Na + -K + pump moves ions by aetive transport. Potassium ions are 
moved into the eell, and Na + are moved out of it. 

2. The eoneentration of K + and negatively eharged proteins and other 
molecules is higher inside the eell, and the eoneentrations of Na + and 
CD are higher outside the eell. 

3. Negatively eharged proteins are synthesized inside the eell and eannot 
diffhse out of it. 

4. The permeability of the plasma membrane to ions is determined by leak 
ehannels and gated ion ehannels. 

■ Potassium ion leak ehannels are more numerous than Na + leak 
ehannels; thus, the plasma membrane is more permeable to K + than 
to Na + when at rest. 

■ Gated ion ehannels in the plasma membrane include ligand-gated ion 
ehannels, voltage-gated ion ehannels, and other gated ion ehannels. 

Establishìng the Resting Membrane Potential 

1. The resting membrane potential is a eharge differenee aeross the plasma 
membrane when the eell is in an unstimulated eondition. The inside of 
the eell is negatively eharged, eompared with the outside of the eell. 

2. The resting membrane potential is due mainly to the tendeney of 
positively eharged K + to difffise out of the eell, which is opposed by the 
negative eharge that develops inside the plasma membrane. 

ehanging the Resting Membrane Potential 

1. Depolarization is a deerease in the resting membrane potential and ean 
result from a deerease in the K + eoneentration gradient, a deerease in 
membrane permeability to K + , an inerease in membrane permeability 
to Na + , an inerease in membrane permeability to Ca 2+ , or a deerease in 
extracellular Ca 2+ eoneentration. 


tissue. 
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2. Hyperpolarization is an inerease in the resting membrane potential that 
ean result from an inerease in the K + eoneentration gradient, an 
inerease in membrane permeability to K + , an inerease in membrane 
permeability to Cl _ , a deerease in membrane permeability to Na + , or 
an inerease in extracellular Ca 2+ eoneentration. 

Graded Potentials 

1. A graded potential is a small ehange in the resting membrane potential 
that is eonfined to a small area of the plasma membrane. 

2. An inerease in membrane permeability to Na + ean cause graded 
depolarization, and an inerease in membrane permeability to K + or 
Cl" ean result in graded hyperpolarization. 

3. Tbe term gradedpotential is used because a stronger stimulus produces a 
greaterpotential ehange than a weaker stimulus. 

4. Graded potentials ean summate, or add together. 

3. A graded potential deereases in magnitude as the distanee from the 
stimulation inereases. 

Aetion Potentials 

1. An aetion potential is a larger ehange in the resting membrane potential 
that spreads over the entire surface of the eell. 

2. Threshold is the membrane potential at which a graded potential 
depolarizes the plasma membrane sufficiently to produce an aetion 
potential. 

3. Aetion potentials occur in an all-or-none fashion. If aetion potentials 
occur, they are of the same magnitude, no matter how strong the 
stimulus. 

4. Depolarization occurs as the inside of the membrane beeomes more 
positive because Na + diffuse into the eell through voltage-gated ion 
ehannels. 

3 • Repolarization is a return of the membrane potential toward the resting 
membrane potential because voltage-gated Na + ehannels elose and Na + 
diffusion into the eell slows to resting levels and because voltage-gated K + 
ehannels open and K + diffhse out of the eell. 

6. Afterhyperpolarization is a brief period of hyperpolarization following 
repolarization. 

Refraetory Period 

1. The absolute refraetory period is the time during an aetion potential 
when a seeond stimulus, no matter how strong, eannot initiate another 
aetion potential. 

2. The relative refraetory period follows the absolute refraetory period and 
is the time during which a stronger-than-threshold stimulus ean evoke 
another aetion potential. 

Aetion Potential Frequency 

1. The strength of stimuli affeets the frequency of aetion potentials. 

■ A subthreshold stimulus produces only a graded potential. 

■ A threshold stimulus causes a graded potential that reaehes threshold 
and results in a single aetion potential. 

■ A submaximal stimulus is greater than a threshold stimulus and 
weaker than a maximal stimulus. The aetion potential frequency 
inereases as the strength of the submaximal stimulus inereases. 

■ A maximal or a supramaximal stimulus produces a maximum 
frequency of aetion potentials. 

2. A low frequency of aetion potentials represents a weaker stimulus than 
a high frequency. 

Propagation of Aetion Potentials 

1. An aetion potential generates ionie currents, which stimulate voltage- 
gated Na + ehannels in adjaeent regions of the plasma membrane to 
open, producing a new aetion potential. 


2. In an unmyelinated axon, aetion potentials are generated immediately 
adjaeent to previous aetion potentials. 

3. In a myelinated axon, aetion potentials are generated at successive 
nodes of Ranvier. 

4. Reversal of the direetion of aetion potential propagation is prevented by 
the absolute refraetory period. 

5. Aetion potentials propagate most rapidly in myelinated, large-diameter 
axons. 

10.6 The Synapse <p. 285 ) 

Eleetrieal Synapses 

1. Eleetrieal synapses are gap junctions in which tubular 
proteins ealled connexons allow ionie currents to move 
between eells. 

2. At an eleetrieal synapse, an aetion potential in one eell generates an 
ionie current that causes an aetion potential in an adjaeent eell. 

ehemieal Synapses 

1. Anatomieally, a ehemieal synapse has three eomponents. 

■ The enlarged ends of the axon are the presynaptie terminals 
eontaining synaptie vesieles. 

■ The postsynaptie membranes eontain reeeptors for the 
neurotransmitter. 

■ The synaptie eleft, a spaee, separates the presynaptie and postsynaptie 
membranes. 

2. An aetion potential arriving at the presynaptie terminal causes 

the release of a neurotransmitter, which diffhses aeross the synaptie 
eleft and binds to the reeeptors of the postsynaptie membrane. 

3. The effeet of the neurotransmitter on the postsynaptie membrane is 
stopped in two ways. 

■ The neurotransmitter is broken down by an enzyme. 

■ The neurotransmitter is taken up by the presynaptie terminal or 
astroeytes. 

4. An excitatory postsynaptie potential (EPSP) is a depolarizing graded 
potential of the postsynaptie membrane. It ean be caused by an inerease 
in membrane permeability to Na + . 

5. An inhibitory postsynaptie potential (IPSP) is a hyperpolarizing graded 
potential of the postsynaptie membrane. It ean be caused by an inerease 
in membrane permeability to K + or Cl~. 

6. Presynaptie inhibition deereases neurotransmitter release. Presynaptie 
faeilitation inereases neurotransmitter release. 

Spatial and Temporal Siimmation 

1. Presynaptie aetion potentials through neurotransmitters produce 
graded potentials in postsynaptie neurons. The graded potential ean 
summate to produce an aetion potential at the trigger zone. 

2. Spatial summation occurs when two or more presynaptie terminals 
simultaneously stimulate a postsynaptie neuron. 

3. Temporal summation occurs when two or more aetion potentials arrive 
in succession at a single presynaptie terminal. 

4. Inhibitory and excitatory presynaptie neurons ean eonverge on a 
postsynaptie neuron. The aetivity of the postsynaptie neuron is 
determined by the integration of the EPSPs and IPSPs produced in the 
postsynaptie neuron. 

10.7 Neuronal Pathways and Circuits <p. 294 ) 

1. Convergent pathways have many neurons synapsing with a few 
neurons. 

2. Divergent pathways have a few neurons synapsing with many neurons. 

3. Oseillating circuits have eollateral branehes of postsynaptie neurons 
synapsing with presynaptie neurons. 
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10.1 Fiinetions of the Nervous System <p. 268 ) 

1. The nervous system 

a. has sensory reeeptors that monitor external and internal stimuli. 

b. proeesses sensory input and initiates responses. 
e. eontrols skeletal muscle and glands. 

d. plays an important role in maintaining homeostasis. 

e. all of the above. 

10.2 Parts of the Nervous System <p. 268 ) 

2. The peripheral nervous system includes 

a. the somatie nervous system. d. nuclei. 

b. the brain. e. all of the above. 

e. the spinal eord. 

3. The part of the nervous system that eontrols smooth muscle, eardiae 
muscle, and glands is the 

a. somatie nervous system. e. skeletal division. 

b. autonomic nervous system. d. sensory division. 

10.3 eells of the Nervous System <p. 269) 

4. Neurons have eytoplasmie extensions that eonneet one neuron to 
another neuron. Given these structures: 

1. axon 3. dendritie spine 

2. dendrite 4. presynaptie terminal 

Choose the arrangement that lists the structures in the order they are 
found between two neurons. 

a. 1,4,2,3 e. 4,1,2,3 e. 4,3,2,1 

b. 1,4,3,2 d. 4,1,3,2 

3. A neuron with many short dendrites and a single long axon is a 
_neuron. 

a. multipolar b. unipolar e. bipolar 

6. Motor neurons and interneurons are_neurons. 

a. unipolar e. multipolar 

b. bipolar d. afferent 

7. Cells found in the ehoroid plexuses that seerete eerebrospinal fluid are 

a. astroeytes. e. ependymal eells. e. Schwann eells. 

b. mieroglia. d. oligodendroeytes. 

8. Unmyelinated axons within nerves may have which of these assoeiated 
with them? 

a. Schwann eells e. oligodendroeytes 

b. nodes of Ranvier d. all of the above 

9. Aetion potentials are conducted more rapidly 

a. in small-diameter axons than in large-diameter axons. 

b. in unmyelinated axons than in myelinated axons. 
e. along axons that have nodes of Ranvier. 

d. all of the above. 


10.4 Organization of Nervous Tissue (p. 273) 

10. Clusters of neuron eell bodies within the peripheral nervous system are 

a. ganglia. b. faseieles. e. nuclei. d. laminae. 

11. Gray matter eontains primarily 

a. myelinated fibers. e. Schwann eells. 

b. neuron eell bodies. d. oligodendroeytes. 


10.5 Eleetrie Signals (p.273) 

12. Concerning eoneentration differenee aeross the resting plasma 
membrane, there are 

a. more K + and Na + outside the eell than inside. 

b. more K + and Na + inside the eell than outside. 


e. more K + outside the eell than inside and more Na + inside the eell 
than outside. 

d. more K + inside the eell than outside and more Na + outside the eell 
than inside. 

13. Compared with the inside of the resting plasma membrane, the outside 
surface of the membrane is 

a. positively eharged. 

b. eleetrieally neutral. 

e. negatively eharged. 

d. continuously reversing so that it is positive one seeond and 
negative the next. 

e. negatively eharged whenever the Na + -K + pump is operating. 

14. Leak ehannels 

a. open in response to small voltage ehanges. 

b. open when a ehemieal signal binds to its reeeptor. 

e. are responsible for the ion permeability of the resting plasma 
membrane. 

d. allow substances to move into the eell but not out. 

e. all of the above. 

13. The resting membrane potential results when the tendeney for 

_to diffhse out of the eell is balaneed by their 

attraetion to opposite eharges inside the eell. 

a. Na + e. Cl _ 

b. K + d. negatively eharged proteins 

16. If the permeability of the plasma membrane to K + inereases, resting 

membrane potential_This is ealled_ 

a. inereases, hyperpolarization e. deereases, hyperpolarization 

b. inereases, depolarization d. deereases, depolarization 

17. Deereasing the extracellular eoneentration of K + affeets the resting 
membrane potential by causing 

a. hyperpolarization. b. depolarization. e. no ehange. 

18. Which of these terms is eorreetly matehed with its definition or 
deseription? 

a. depolarization: membrane potential beeomes more negative 

b. hyperpolarization: membrane potential beeomes more negative 
e. hypopolarization: membrane potential beeomes more negative 

19. Which of these statements about ion movement through the plasma 
membrane is true? 

a. Movement of Na + out of the eell requires energy (ATP). 

b. When Ca 2+ bind to proteins in ion ehannels, the diffhsion of Na + 
into the eell is inhibited. 

e. Speeifie ion ehannels regulate the diffhsion of Na + through the 
plasma membrane. 

d. All of the above are true. 

20. The major ffmetion of the Na + -K + pump is to 

a. pump Na + into and K + out of the eell. 

b. generate the resting membrane potential. 

e. maintain the eoneentration gradients of Na + and K + aeross the 
plasma membrane. 

d. oppose any tendeney of the eell to undergo hyperpolarization. 

21. Graded potentials 

a. spread over the plasma membrane in deeremental fashion. 

b. are not propagated for long distanees. 

e. are eonfined to a small region of the plasma membrane. 

d. ean summate. 

e. all of the above. 
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22. During the depolarization of an aetion potential, the permeability of 
the membrane 

a. to K + is greatly inereased. e. to Ca 2+ is greatly inereased. 

b. to Na + is greatly inereased. d. is unchanged. 

23. During repolarization of the plasma membrane, 

a. Na + diffuse into the eell. e. K + diffuse into the eell. 

b. Na + diffuse out of the eell. d. K + diffuse out of the eell. 

24. The absolute refraetory period 

a. limits how many aetion potentials ean be produced during a given 
period of time. 

b. prevents an aetion potential from starting another aetion potential 
at the same point on the plasma membrane. 

e. is the period of time when a strong stimulus ean initiate a seeond 
aetion potential. 

d. both a and b. 

e. all of the above. 

23. A subthreshold stimulus 

a. produces an afterhyperpolarization. 

b. produces a graded potential. 

e. causes an all-or-none response. 

d. produces more aetion potentials than a submaximal stimulus. 

10.6 The Synapse (p. 285) 

26. Neurotransmitter substances are stored in vesieles loeated in speeialized 
portions of the 

a. neuron eell body. e. dendrite. 

b. axon. d. postsynaptie membrane. 

27. In a ehemieal synapse, 

a. aetion potentials in the presynaptie terminal cause voltage-gated 
Ca 2+ ehannels to open. 


b. neurotransmitters ean cause ligand-gated Na + ehannels to open. 
e. neurotransmitters ean be broken down by enzymes. 

d. neurotransmitters ean be taken up by the presynaptie terminal. 

e. all of the above. 

28. An inhibitory presynaptie neuron ean affeet a postsynaptie neuron by 

a. producing an IPSP in the postsynaptie neuron. 

b. hyperpolarizing the plasma membrane of the postsynaptie neuron. 
e. causing K + to diffuse out of the postsynaptie neuron. 

d. causing Cl~ to diffuse into the postsynaptie neuron. 

e. all of the above. 

29. Summation 

a. is caused by eombining two or more graded potentials. 

b. occurs at the trigger zone of the postsynaptie neuron. 

e. results in an aetion potential if it reaehes the threshold potential. 

d. ean occur when two aetion potentials arrive in elose succession at a 
single presynaptie terminal. 

e. all of the above. 

10.7 Neuronal Pathways and Circuits <p. 294) 

30. In eonvergent pathways, 

a. the response of the postsynaptie neuron depends on the summation 

of EPSPs and IPSPs. 

b. a smaller number of presynaptie neurons synapse with a larger 
number of postsynaptie neurons. 

e. information transmitted in one neuronal pathway ean go into two 
or more pathways. 
d. all of the above. 

Answers in Appendix E 


eritieal Thinking 


1. Prediet the consequence of a reduced intracellular K + eoneentration on 
the resting membrane potential. 

2. A ehild eats a whole bottle of salt (NaCl) tablets. What effeet does this 
have on aetion potentials? 

3. Lithium ions reduce the permeability of plasma membranes to Na + . 
Prediet the effeet lithium ions in the extracellular fluid would have on 
the response of a neuron to stimuli. 

4. Some smooth muscle has the ability to eontraet spontaneously—that is, it 
eontraets without any external stimulation. Propose an explanation for the 
ability of smooth muscle to eontraet spontaneously based on what you 
know about membrane potentials. Assume that an aetion potential in a 
smooth muscle eell causes it to eontraet. 

3. Assume that you have two nerve fibers of the same diameter, but one is 
myelinated and the other is unmyelinated. The conduction of an aetion 
potential is most energy-effieient along which type of fiber? ( Hint: ATP.) 

6. The venom of many eobras eontains a potent neurotoxin that binds to 
ligand-gated Na + ehannels, causing them to open. Unlike ACh, which 
binds to and then rapidly unbinds from ligand-gated Na + ehannels, the 
neurotoxin tends to remain bound to ligand-gated Na + ehannels. What 
effeet would this neurotoxin have on the ability of the nervous system to 


stimulate skeletal muscle eontraetion? What effeet would it have on the 
ability of skeletal muscle fibers to respond to stimulation? 

7. Stryehnine bloeks reeeptor sites for inhibitory neurotransmitter 
substances in the CNS. Explain how stryehnine could produce tetanus 
in skeletal muscles. 

8. The speed of aetion potential propagation and synaptie transmission 
deereases with aging. List possible explanations. 

9. Students in a veterinary sehool are given the following hypothetieal 
problem. A dog ingests organophosphate poison, and the students are 
responsible for saving the animal’s life. Organophosphate poisons bind 
to and inhibit aeetyleholinesterase. Several substances they could injeet 
include the following: aeetyleholine, curare (which bloeks aeetyleholine 
reeeptors), and potassium ehloride. If you were a student in the elass, 
what would you do to save the animal? 

10. Epilepsy is a ehronie disorder eharaeterized by seizures resulting from 
excessive production of aetion potentials by neurons in the brain. 
Channelopathies are genetie disorders caused by mutations in ion 
ehannel genes, which result in ion ehannels that do not fimetion 
normally. What kind of Na + or Ca 2+ ehannelopathies might 
contribute to epilepsy? 

Answers in Appendix F 
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11.1 Spinal Cord 300 

1. Deseribe the parts of the spinal eord. 

2. Deseribe the three meningeal layers surrounding the spinal eord 
and brain. 

3. Deseribe the spinal eord in eross seetion and the origin of spinal 
nerves. 




11.2 Reflexes 304 


4. Define types of reflexes and deseribe the eomponents of a reflex are. 

5. Diagram and explain the functions of the streteh reflex, Golgi 
tendon reflex, and withdrawal reflex. 


11.3 Nerves 309 


6. Deseribe the structure of a nerve. 

7. List, by letter and number, the spinal nerves. 

8. Explain what is meant by a dermatomal map. 

9. Outline the distribution of spinal nerves. 


11.4 Brain 316 


10. Name the four major parts of the brain. 


11.5 Brainstem 316 

11. Deseribe the medulla oblongata, pons, midbrain, and reticular 
formation. 


11.6 eerebelmm 318 

12. Deseribe the loeation and parts of the cerebellum. 

11.7 Dieneephalon 319 

13. Discuss the thalarrms, subthalamus, epithalamus, and hypothalamus 


11.8 eerebmm 321 

14. Deseribe the eerebral cortex, basal nuclei, and limbie system. 

11.9 Meninges, ventrieles, and eerebrospinal 

Fluid 324 

15. Deseribe the meninges surrounding the brain and the ventrieles 
within the brain. 

16. Deseribe the origin, eomposition, and circulation of the 
eerebrospinal fluid. 

11.10 Blood Supply to the Brain 329 

17. Defìne the blood-brain barrier and its effeet on the movement of 
materials into and out of the brain. 


11.11 eranial Nerves 329 

18. Deseribe the distribution and functions of eaeh eranial nerve 
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lntroduction 

T he eentral nervous system (CNS) eonsists of the brain 

and spinal eord, with the division between these two parts 
of the CNS plaeed at the level of the foramen magnum. 
The peripheral nervous system (PNS) eonsists of sensory reeep- 
tors and nerves outside the CNS. The PNS includes 12 pairs of 
eranial nerves and 31 pairs of spinal nerves. 

The CNS reeeives sensory information, integrates and eval- 
uates that information, stores some information, and initiates 
reaetions. The PNS eolleets information from numerous sources 
both inside and outside the body and relays it through axons of 
sensory neurons to the CNS. Axons of motor neurons in the 
PNS relay information from the CNS to various parts of the 
body, primarily to muscles and glands, thereby regulating aetiv- 
ity in those structures. 


11.1 Spinal Cord 

The spinal eord is extremely important to the overall function of 
the nervous system. It is the major communication link between the 
brain and the PNS (spinal nerves) inferior to the head. The spinal 
eord partieipates in the integration of ineoming information and 
produces responses through reflex meehanisms. 

General Structure 

The spinal eord eonneets to the brain at the level of the foramen 
magnum and extends inferiorly in the vertebral eanal to level 
Ll—L2 of the vertebral column (figure 11.1). It is eonsiderably 
shorter than the vertebral column because it does not grow as rapidly 
as the vertebral column during development. The spinal eord gives 
rise to 31 pairs of spinal nerves, which exit the vertebral column 
through intervertebral and saeral foramina (see figure 7.14). 

The spinal eord is not uniform in diameter throughout its 
length. The eervieal enlargement in the inferior eervieal region 
is where spinal nerves supplying the upper limbs originate. The 
lumbosacral enlargement in the inferior thoraeie, lumbar, and 
superior saeral regions is the site where spinal nerves supplying the 
lower limbs originate. 

Immediately inferior to the lumbosacral enlargement, the spi- 
nal eord tapers to form a eonelike region ealled the conus medullaris. 
Nerves arising from the inferior lumbosacral enlargement and the 
conus medullaris extend inferiorly through the vertebral eanal 
before exiting the vertebral column. The numerous roots (origins) 
of these nerves resemble the hairs in a horse’s tail and are there- 
fore ealled the cauda (kaw'dà, tail) equina (é-kwl'nà, horse) (see 
figure 11.1). 

1 At what level does the spinal eord begin and end? 

2 How many pairs of spinal nerves arise from the spinal eord? How do 
they exit the vertebral column? 

3 Deseribe the eervieal and lumbar enlargements of the spinal eord, the 
conus medullaris, and the cauda equina. 
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Figlire 11.1 Spinal Cord and Spinal Nerve Roots ap r. 


Meninges of the Spinal Cord 

The spinal eord and brain are surrounded by eonneetive tissue 
membranes ealled meninges (mé-nin'jéz) (figure 11.2). The most 
superficial and thiekest membrane is the dura mater (doo'rà 
mà'ter, tough mother). The dura mater forms a sae, often ealled the 
theeal (the'kal, box) sae, which surrounds the spinal eord. The 
theeal sae attaehes to the rim of the foramen magnum and ends at 
the level of the seeond saeral vertebra. The spinal dura mater is 
continuous with the dura mater surrounding the brain and the 
eonneetive tissue surrounding the spinal nerves. The dura mater 
around the spinal eord is separated from the periosteum of the 
vertebral eanal by the epidural spaee, which eontains spinal nerve 
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roots, blood vessels, areolar eonneetive tissue, and adipose tissue. 
Epidural anesthesia of the spinal nerves is induced by injeeting 
anestheties into the epidural spaee. It is often given to women dur- 
ing ehildbirth. 

The next deeper meningeal membrane is a very thin, wispy 
araehnoid (à-rak'noyd, spiderlike—i.e., cobwebs) mater. The subdural 
spaee is between the dura mater and the araehnoid mater. It is a very 
small spaee eontaining a small amount of serous fluid. 

The third, deepest, meningeal layer, the pia (pl'à, affeetionate) 
mater is bound very tightly to the surface of the spinal eord. 
Between the araehnoid mater and the pia mater is the subarach- 
noid spaee, which eontains weblike strands of the araehnoid mater, 
blood vessels, and eerebrospinal (ser'é-brò-spl-nàl, sé-ré'brò-spì- 
nal) fluid (CSF) (see “Meninges, Ventrieles, and Cerebrospinal 

Fluid,” p. 324). 

The subarachnoid spaee is relatively large eompared with the 
spinal eord, which allows movement of the vertebral column without 
damaging the spinal eord. Lateral movement of the spinal eord is 
limited by 21 pairs of denticulate (den-tik'u-làt) ligaments, which 
are eonneetive tissue septa extending from the lateral sides of the 
spinal eord to the dura mater (see figure Superior movement 

is limited by the filum terminale (fì'líim ter'mi-nal'é), a eonneetive 
tissue strand that anehors the conus medullaris and the theeal sae to 
the first eoeeygeal vertebra (see figure 11.1). 


introduction of Needles into the 
Subarachnoid Spaee 

Several elinieal procedures involve the insertion of a needle into the 
subarachnoid spaee inferior to the level of the seeond lumbar verte- 
bra. The needle is introduced into either the L3/L4 or the L4/L5 
intervertebral spaee. The needle does not eontaet the spinal eord 
because the spinal eord extends only approximately to the seeond 
lumbar vertebra of the vertebral column.The needle enters the sub- 
araehnoid spaee, which extends to level S2 of the vertebral column. 
The needle does not damage the nerve roots of the cauda equina 
loeated in the subarachnoid spaee because the needle quite easily 
pushes them aside. 

In spinal anesthesia, or spinal bloek, drugs that bloek aetion 
potential transmission are introduced into the subarachnoid spaee to 
prevent pain sensations in the lower half of the body. A spinal tap is 
the removal of CSF from the subarachnoid spaee. A spinal tap may be 
performed to examine the CSF for infectious agents (meningitis), for 
the presenee of blood (hemorrhage), or for the measurement of CSF 
pressure. A radiopaque substance may also be injeeted into this area, 
and a myelogram (radiograph of the spinal eord) may be taken to 
visualize spinal eord defeets or damage. 
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4 From siiperfkial to deep, name the meninges surrounding the spinal 
eord. What is found within the epidural, subdural, and subarachnoid 
spaees? 

5 How is the spinal eord held within the vertebral eanal? 

Cross Seetion of the Spinal Cord 

The spinal eord is divided into right and left halves (figure 11.3). 
Internally, peripherally loeated white matter surrounds eentrally 
loeated gray matter shaped like a butterfly. The white matter in eaeh 


half of the spinal eord is organized into three columns, or funiculi 
(fu-nik'u-ll, eord), ealled the ventral (anterior), dorsal (posterior), 
and lateral columns. Eaeh column is subdivided into traets, also 
ealled fasciculi (fà-sik'u-ll, bundle) or pathways. The traets eonsist 
of axons aseending to the brain or deseending from the brain (see 
figure 11 3b). Axons within a given traet earry basieally the same type 
of information, although they may overlap to some extent. For 
example, one aseending traet earries aetion potentials related to pain 
and temperature sensations, whereas another earries aetion potentials 
related to light touch (see ehapter 12). 
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Figlire 11.3 eross Seetion of the Spinal eord ap:r 

(a) A segment of the spinal eord showing one dorsal and one ventral root on eaeh side and the rootlets that form them. (ò) Aseending and deseending traets in the 
spinal eord. Aseending nerve traets are blue; deseending nerve traets arep/n/e.The arrows indieate the direetion of aetion potential propagation in eaeh pathway. 

(e) Photograph of a eross seetion through the midlumbar region.The lightertan areas are white matter, where traets are loeated.The darkerarea is gray matter, where 
neuron eell bodies are loeated. 
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Damage to the spinal eord ean dis- 
rupt aseending traets from the spinal eord to 
the brain, resulting in the loss of sensation, 
and/or deseending traets from the brain to 
motor neurons in the spinal eord, resulting in 
the loss of motor functions. About 10,000 
new eases of spinal eord injury occur eaeh 
year in the llnited States. Automobile and 
motoreyele aeeidents are leading causes, fol- 
lowed by gunshot wounds, falls, and swim- 
ming aeeidents. Spinal eord injury is elassified 
aeeording to the vertebral level at which the 
injury occurred, whether the entire eord is 
damaged at that level or only a portion of the 
eord, and the meehanism of injury. Most spi- 
nal eord injuries occur in the eervieal region or 
atthethoracolumbarjunction and are ineom- 
plete.The primary meehanisms include eon- 
cussion (an injurycaused bya blow),contusion 
(an injury resulting in hemorrhage), and lae- 
eration (a tear or cut) and involve excessive 
flexion, extension, rotation, or eompression of 
the vertebral column. The majority of spinal 
eord injuries are acute contusions of the eord 
due to bone or disk displaeement into the 
eord and involve a eombination of excessive 
direetional movements, such as simultaneous 
flexion and eompression. 

At the time of spinal eord injury, two 
types of tissue damage occur: (1) primary, 
meehanieal damage and (2) seeondary, 

l_ 


Spinal eord lnjury 

tissue damage. Seeondary spinal eord dam- 
age, which begins within minutes of the pri- 
mary damage, is caused by isehemia, edema, 
ion imbalanees, the release of "excitotoxins" 
(such as glutamate), and inflammatory eell 
invasion. Seeondary damage extends into a 
much larger region of the eord than the pri- 
mary damage. It is the primary focus of cur- 
rent researeh in spinal eord injury. The only 
treatment for primary damage is prevention, 
such as wearing seat belts when riding in 
automobiles and not diving into shallow 
water. Onee an aeeident occurs, however, lit- 
tle ean be done about the primary damage. 
On the other hand, much of the seeondary 
damage ean be prevented or reversed. 

Llntil the 1950s, many spinal eord inju- 
ries were ultimately fatal. Now, with quick 
treatment direeted at the meehanisms of 
seeondary tissue damage, much of the total 
damage to the spinal eord ean be prevented. 
Treatment of the damaged spinal eord with 
large doses of antiinflammatory steroids, 
such as methylprednisolone, within 8 hours 
of the injury ean dramatieally reduce the 
seeondary damage to the eord.The objeetives 
of this treatment are to reduce infìammation 
and edema. Current treatment includes ana- 
tomieal realignment and stabilization of the 
vertebral column, deeompression of the spinal 
eord, and administration of anti-inflammatory 



steroids. Rehabilitation is based on retrain- 
ing the patient to use whatever residual eon- 
neetions exist aeross the site of damage. 

It had long been thought that the spi- 
nal eord was ineapable of regeneration fol- 
lowing severe damage. However, it is now 
known that, following injury, most neurons 
of the adult spinal eord survive and begin to 
regenerate, growing about 1 mm into the 
site of damage, but then they regress to an 
inaetive, atrophie state. In addition, fetuses 
and newborns exhibit eonsiderable regen- 
erative ability and functional improvement. 
A major bloekto adult spinal eord regenera- 
tion is the formation of a sear, eonsisting 
mainly of myelin and astroeytes, at the site 
of injury. Myelin in the sear is apparently the 
primary inhibitor of regeneration. Implan- 
tation of peripheral nerves, Schwann eells, 
or fetal CNS tissue ean bridge the sear and 
stimulate some regeneration. Certain growth 
faetors ean also stimulate some regeneration. 
Current researeh continues to look for the 
right eombination of ehemieals and other 
faetors to stimulate regeneration of the spi- 
nal eord following injury. 



ANATOMY & PHYSIOLOGY 



The gray matter eonsists of neuron eell bodies, dendrites, and 
axons. Eaeh half of the eentral gray matter of the spinal eord eonsists 
of a relatively thin posterior (dorsal) horn and a larger anterior (ven- 
tral) horn. Small lateral horns exist in levels of the eord assoeiated 
with the autonomic nervous system (see ehapter 13). 

The two halves of the spinal eord are eonneeted by gray and white 
commissures (see figure 11.3^). The white and gray commissures 
eontain axons that eross from one side of the spinal eord to the other. 
The eentral eanal is in the eenter of the gray commissure. 

Spinal nerves arise from numerous rootlets along the dorsal and 
ventral surfaces of the spinal eord (see figure \\3d). The rootlets 
eombine to form a ventral root and a dorsal root at eaeh segment 
of the eord. The ventral and dorsal roots extend laterally from the 
spinal eord, passing through the subarachnoid spaee, piereing the 
araehnoid mater and dura mater, and joining one another to form a 
spinal nerve (see figure 11.2 b). 

Eaeh dorsal root eontains a ganglion, ealled the dorsal root, or 
spinal, ganglion (gang'glé-on, a swelling or knot). The dorsal root 


ganglia are eolleetions of eell bodies of the sensory neurons forming 
the dorsal roots of the spinal nerves (figure 11.4). The axons of 
these unipolar neurons extend from various parts of the body and 
pass through spinal nerves to the dorsal root ganglia. The axons do 
not synapse in the dorsal root ganglion but pass through the dorsal 
root into the posterior horn of the spinal eord gray matter. The 
axons either synapse with interneurons in the posterior horn or pass 
into the white matter and aseend or deseend in nerve traets of the 
spinal eord. 

Motor neurons innervate muscles and glands. The eell bodies 
of the multipolar motor neurons are loeated in the anterior and 
lateral horns of the spinal eord gray matter (see figure 11.4). The 
eell bodies of somatie motor neurons are in the anterior horn and 
the eell bodies of autonomic motor neurons are in the lateral horn. 
Axons of the motor neurons form the ventral roots and pass into 
the spinal nerves. Thus, dorsal roots eontain sensory axons, ventral 
roots eontain motor axons, and spinal nerves have both sensory and 
motor axons. 
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Dorsal root ganglion 
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Figure 11.4 Relationship of Sensory and Motor Neurons to the Spinal eord 


6 Deseribe the arrangement of white and gray matter in the spinal 
eord. 

7 What aretraets and commissures? 

8 Where are the eell bodies of sensory, somatie motor, and autonomic 
motor neurons loeated in the gray matter? 

9 Where do dorsal and ventral roots exit the spinal eord? What kinds of 
axons are in the dorsal and ventral roots and in the spinal nerves? 


Prediet 



Explain why the dorsal root ganglia are larger in diameter than the dorsal 
roots, and deseribe the direetion of aetion potential propagation in the spinal 
nerves, dorsal roots, and ventral roots. 


11.2 Reflexes 

A reflex is a stereotypie, unconscious, involuntary response to a 
stimulus. Stereotypie means that the response to the stimulus is always 
more or less the same. For example, striking the patellar ligament with 
a rnbber hammer stimulates a reflexive extension of the knee. The 
degree of extension may vary, but the knee never flexes. Unconscious 
means that no awareness is neeessary for the reflex to occur, and invol- 
untary means one eannot will the reflex to happen. 

Reflexes maintain homeostasis. Somatie reflexes are mediated 
through the somatie motor nervous system and include responses that 
remove the body from painful stimuli that would cause tissue damage 
or keep the body from suddenly falling or moving because of external 
forees. Autonomic reflexes are mediated through the ANS and are 
responsible for maintaining variables within their normal ranges, such 
as maintaining relatively eonstant blood pressure, blood earbon diox- 
ide levels, and water intake. 

Reflexes are produced by reflex ares. The reflex are is the basie 
functional unit of the nervous system because it is the smallest, sim- 
plest portion eapable of reeeiving a stimulus and producing a 
response. The reflex are usually has five basie eomponents: (1) a sen- 
sory reeeptor, (2) a sensory neuron, (3) an interneuron, (4) a motor 
neuron, and (3) an effeetor organ (figure 11.5). Most reflex ares have 
at least one interneuron, but in a few reflex ares the sensory neuron 
synapses direetly with the motor neuron. 


Reflexes occur unconsciously because reflex ares are not part of the 
brain where consciousness occurs. Aetion potentials initiated by sensory 
reeeptors are transmitted along the axons of sensory neurons to the 
CNS, where the axons usually synapse with interneurons. Interneurons 
synapse with motor neurons, which send axons out of the spinal eord 
and through the PNS to muscles or glands, where the aetion potentials 
of the motor neurons cause these effeetor organs to respond. 

Reflex ares do not operate as isolated entities within the nervous 
system because of divergent and eonvergent pathways (see ehapter 10). 
Diverging branehes of the sensory neurons or interneurons in a reflex 
are send aetion potentials along aseending nerve traets to the brain 
(figure 11.6). For example, a pain stimulus ean initiate a reflex that 
causes speeifie muscles to eontraet, resulting in the removal of the 
affeeted part of the body from the painful stimulus. Through diver- 
genee, the same pain stimulus results in aetion potentials going to 
parts of the brain where conscious awareness occurs, producing a 
sensation of pain. Although the reflex occurs unconsciously, there is 
evenmally awareness of the painfiil stimulus. 

Axons within deseending traets from the brain eonverge with 
neurons of reflex ares (see figure 11.6). These deseending neurons ean 
ehange the sensitivity of the reflex are. Deseending excitatory neurons 
(see ehapter 10) stimulate excitatory postsynaptie potentials (EPSPs), 
which inereases the sensitivity of the reflex are, making it more likely 
that a reflex occurs. Deseending inhibitory neurons stimulate inhibi- 
tory postsynaptie potentials (IPSPs), which deerease the sensitivity of 
the reflex are, making it less likely that a reflex occurs. 

Through eonvergenee, a motor neuron ean be eontrolled in two 
ways—through a reflex are or by the brain. For example, skeletal mus- 
eles ean eontraet reflexively (unconsciously) or voluntarily (consciously). 


Prediet 



Explain the advantage of removing your hand from a hot objeet reflexively 
versus consciously. 


Many reflexes are integrated within the spinal eord; others are 
integrated within the brain. Some reflexes involve excitatory neurons 
and result in a response, such as when a muscle eontraets. Other 
reflexes involve inhibitory neurons and result in the inhibition of a 
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Dorsal root 


lnterneuron 


Spinal eord 



Effeetor organ 


muscle 


1. A sensory reeeptor deteets a stimulus. 

2. A sensory neuron conducts aetion potentials through the spinal 
nerve and dorsal root to the spinal eord. 

3. In the spinal eord, the sensory neuron synapses with an interneuron. 

4. The interneuron synapses with a motor neuron. 

5. A motor neuron axon conducts aetion potentials through the ventral root 
and spinal nerve to an effeetor organ. 

Proeess Figure 11.5 RefiexArc ap:r. 

The parts of a reflex are are labeled in the order in which aetion potentials pass through them. 
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Figure 11.6 Spinal Reflex, with Aseending and Deseending Axons 

A diverging braneh of a sensory neuron synapses with a neuron that extends to the brain in an aseending traet ( blue ). An axon from the brain extends to the spinal 
eord in a deseending traet (p/n/e) and synapses with an interneuron, influencing its aetion on the motor neuron. 


































306 


ehapter 11 


response, such as when a muscle is inhibited and relaxes. In addition, 
higher brain eenters influence reflexes by either suppressing or exag- 
gerating them. Major spinal eord reflexes include the streteh reflex, 
the Golgi tendon reflex, and the withdrawal reflex. 

10 Define a reflex and deseribe its eharaeteristies. Give examples of 
somatie and autonomic reflexes. 

11 Name the parts of a reflex are and explain how they produce a reflex. 

12 How do reflex ares interaet with aseending and deseending traets? 

Streteh Reflex 

The simplest reflex is the streteh reflex (figure 11.7), a reflex in 
which muscles eontraet in response to a stretehing foree applied to 
them. The sensory reeeptor of this reflex is the muscle spindle, 
which eonsists of 3-10 small, speeialized skeletal muscle fibers. The 
fibers are eontraetile only at their ends and are innervated by 
motor neurons. Sensory neurons innervate the noneontraetile een- 
ters of the muscle spindle fibers. Axons of these sensory neurons 
extend to the spinal eord and synapse direetly with motor neurons 
in the spinal eord, which in turn innervate the muscle in which the 
muscle spindle is embedded. Note that this reflex has no interneu- 
ron between the sensory neuron and the motor neuron. 


Stretehing a muscle also stretehes muscle spindles loeated among 
the muscle fibers. The streteh stimulates the sensory neurons that inner- 
vate the eenters of the muscle spindles. The inereased frequency of 
aetion potentials earried to the spinal eord by sensory neurons stimu- 
lates the motor neurons in the spinal eord. The motor neurons transmit 
aetion potentials to skeletal muscle, causing a rapid eontraetion of the 
stretehed muscle, which opposes the streteh of the muscle. The postural 
muscles demonstrate the adaptive nature of this reflex. If a person is 
standing upright and then begins to tip slightly to one side, the postural 
muscles assoeiated with the vertebral column on the other side are 
stretehed. As a result, streteh reflexes are initiated in those muscles, 
which cause them to eontraet and reestablish normal posrnre. 

Through divergenee, eollateral axons from the sensory neurons 
of the muscle spindles also synapse with neurons whose axons eon- 
tribute to aseending traets, which enable the brain to monitor the 
streteh of muscles (see figure 11.7). Through eonvergenee, deseend- 
ing neurons within the spinal eord synapse with the neurons of the 
streteh reflex are, modifying their aetivity. This aetivity is important 
in maintaining posrnre and in eoordinating muscular aetivity. 

The motor neurons innervating the ends of the muscle spindles 
are responsible for regulating the sensitivity of the muscle spindles to 
streteh. As a skeletal muscle eontraets, the tension on the eenters of 
muscle spindles within the muscle deereases because the muscle 


Sudden streteh of a muscle results in: 


1. Muscle spindles deteet streteh of the muscle. 

2. Sensory neurons conduct aetion potentials to the spinal eord 

3. Sensory neurons synapse direetly with motor neurons. 


4. Motor neurons conduct aetion potentials to the muscle, 
causing it to eontraet and resist being stretehed. 

Note: The muscle that eontraets is the muscle that is stretehed 
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Proeess Figure 11.7 streteh Reflex 
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spindles passively shorten as the muscle shortens. This deerease in tension 
causes muscle spindles to be less sensitive to streteh. Sensitivity is main- 
tained because motor neurons stimulate the ends of the muscle spin- 
dles to eontraet, which pulls on the eenter part of the muscle spindles 
and maintains the proper tension. The aetivity of the muscle spindles 
helps eontrol posture, muscle tension, and muscle length. 

Knee-Jerk Reflex 

The knee-jerk ref1ex, or patellar ref1ex, is a elassie example of 
the streteh reflex. When the patellar ligament is tapped, the tendons 
and muscles of the quadriceps femoris muscle group are stretehed, 
aetivating a streteh reflex. Contraction of the muscles extends the 
leg, producing the eharaeteristie knee-jerk response. 

eiinieians use the knee-jerk to determine whether the parts of 
the brain eontrolling the sensitivity of muscle spindles are func- 
tioning normally. When the streteh reflex is greatly exaggerated or 
depressed, it ean indieate that the neurons within the brain eon- 
trolling the sensitivity of muscle spindles are overly aetive or sup- 
pressed. Absenee of the streteh reflex ean indieate that the 
deseending traet from the brain or the reflex are is not intaet. 


Golgi Tendon Reflex 

The Golgi tendon reflex prevents eontraeting muscles from apply- 
ing excessive tension to tendons. Golgi tendon organs are eneap- 
sulated nerve endings that have at their ends numerous terminal 
branehes with small swellings assoeiated with bundles of eollagen 
fibers in tendons. The Golgi tendon organs are loeated within ten- 
dons near the muscle—tendon junction (figure 11.8). As a muscle 
eontraets, the attaehed tendons are stretehed, resulting in inereased 
tension in the tendon. The inereased tension stimulates aetion 
potentials in the sensory neurons from the Golgi tendon organs. 
Golgi tendon organs have a high threshold and are sensitive only to 
intense streteh. 

The sensory neurons of the Golgi tendon organs synapse with 
inhibitory interneurons in the spinal eord. The interneurons synapse 
with motor neurons that innervate the muscle to which the Golgi 
tendon organ is attaehed. When a great amount of tension is applied 
to the tendon, the sensory neurons of the Golgi tendon organs are 
stimulated. The sensory neurons stimulate the interneurons to release 
inhibitory neurotransmitters, which inhibit the motor neurons of the 
assoeiated muscle and cause it to relax. The sudden relaxation of the 
muscle reduces the tension applied to the muscle and tendons and 
proteets them from damage. A weight lifter who suddenly drops a 


Intense streteh of a skeletal muscle results in: 


1. Golgi tendon organs deteet tension applied to a tendon. 


2. Sensory neurons conduct aetion potentials to the spinal eord 


3. Sensory neurons synapse with inhibitory interneurons 
that synapse with motor neurons. 


4. Inhibition of the motor neurons causes muscle relaxation, 

relieving the tension applied to the tendon. Note:Jhe muscle that 
relaxes is attaehed to the tendon to which tension is applied. 
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Proeess Figure 11.8 Goigi Tendon Refiex 
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Stimulation of pain reeeptors results in: 

1. Pain reeeptors deteet a painful stimulus. 

2. Sensory neurons conduct aetion 
potentials to the spinal eord. 

3. Sensory neurons synapse with excitatory 
interneurons that synapse with motor 
neurons. 

4. Excitation of the motor neurons 
results in eontraetion of the flexor 
muscles and withdrawal of the limb 
from the painful stimulus. 


Sensory neuron 


Quadriceps 

femoris 

muscle 

(extensor) 





\ 


\ 


Pain reeeptor 


Withdrawal reflex 

Proeess Figure 11.9 withdrawal Reflex 


heavy weight after straining to lift it does so, in part, because of the 
effeet of the Golgi tendon reflex. 

Tremendous amounts of tension ean be applied to muscles and 
tendons in the legs. An athlete’s Golgi tendon reflex ean be inade- 
quate to proteet muscles and tendons from excessive tension. The 
large muscles and sudden movements of football players and sprint- 
ers ean make them vulnerable to hamstring pulls and ealeaneal 
(Aehilles) tendon injuries. 

Through divergenee, eollateral axons from the sensory neurons 
of the Golgi tendon organs also synapse with neurons whose axons 
contribute to aseending traets, which enable the brain to monitor 
the tension generated by muscle eontraetion (see figure 11.8). 

Withdrawal Reflex 

The fimetion of the withdrawal reflex, or flexor reflex, is to 
remove a limb or another body part from a painful stimulus. The 
sensory reeeptors are pain reeeptors (see ehapter 12). Aetion poten- 
tials from painful stimuli are conducted by sensory neurons to the 


spinal eord, where they synapse with excitatory interneurons, 
which in turn synapse with motor neurons (figure 11.9). The motor 
neurons stimulate muscles, usually flexor muscles, that remove the 
limb from the source of the painful stimulus. Collateral branehes 
of the sensory neurons synapse with aseending fibers to the brain, 
providing conscious awareness of the painful stimuli. 

Different reflex ares often function together to produce a 
response. For example, when a reflex causes a muscle to eontraet, 
another reflex is initiated that causes the antagonists of the muscle to 
relax. At the same time that a withdrawal reflex causes the hamstrings 
to eontraet, another reflex causes the quadriceps to relax. At the same 
time that a streteh reflex causes the quadriceps to eontraet, another 
reflex causes the hamstrings to relax. 

13 Starting with their sensory reeeptors, name in the order 
stimulated the parts of streteh, Golgi tendon, and withdrawal 
reflex ares. 

14 Deseribe the functional importanee of responses produced by 
streteh, Golgi tendon, and withdrawal reflexes. 
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11.3 Nerves 

Structure of Nerves 

Nerves eonsist of eolleetions of axons, Schwann eells, and eonneetive 
tissue in the PNS (figure 11.10). Eaeh axon, or nerve fiber, and its 
Schwann eell sheath are surrounded by a delieate eonneetive tissue 
layer, the endoneurium (en-dò-noo'ré-um). A heavier eonneetive 
tissue layer, the perineurium (per-i-noo'ré-um), surrounds groups of 
axons to form nerve faseieles (fas'i-klz). A third layer of dense eon- 
neetive tissue, the epineurium (ep-i-noo'ré-um), binds the nerve 
faseieles together to form a nerve. The eonneetive tissue of the epi- 
neurium is continuous with the dura mater surrounding the CNS. 
An analogy of this relationship is a eoat (the dura) and its sleeve 
(epineurium). The eonneetive tissue layers of nerves make them 
tougher than the nerve traets in the CNS. 

15 Deseribe the eonneetive tissue layers within and surrounding spinal 
nerves. 
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Figure 11.10 Structure of a Nerve 

A peripheral nerve eonsists of axons surrounded by various layers of eonneetive 
tissue: Epineurium surrounds the whole nerve, perineurium surrounds nerve 
faseieles, and endoneurium surrounds Schwann eells and axons. Loose 
eonneetive tissue also surrounds the nerve faseieles. 


Spinal Nerves and Their Distrìbution 

There are 31 pairs of spinal nerves, eaeh identified by a letter and a 
number (figure 11.11). The letter indieates the region of the vertebral 
column from which the nerve emerges: C, eervieal; T, thoraeie; L, 
lumbar; and S, saeral. The single eoeeygeal nerve may be identified as 
Co, but typieally reeeives no designation. The number indieates the 
loeation in eaeh region where the nerve emerges from the vertebral 
column, with the smallest number always representing the most supe- 
rior origin. For example, the most superior nerve exiting from the 
thoraeie region of the vertebral column is designated Tl. The eervieal 
nerves are designated Cl—C8, the thoraeie nerves Tl—T12, the lumbar 
nerves Ll— L3, and the saeral nerves Sl— S3. Note that the number of 
eaeh type of nerve matehes the number of eaeh type of vertebrae, 
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Figlire 11.11 Spinal Nervesand Plexuses 

The regional designations and the numbers of the spinal nerves are shown on 
the left. The plexuses formed by the spinal nerves are shown on the right. 
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except for the eervieal nerves. Although there are only 7 eervieal verte- 
brae, there are 8 pairs of eervieal spinal nerves because 2 pairs of nerves 
are assoeiated with the first eervieal vertebra. The first pair of eervieal 
nerves exit the spinal eord between the skull and the first eervieal ver- 
tebra and the seeond pair exit through the intervertebral foramina 
between the first and seeond eervieal vertebrae. 

The nerves arising from eaeh region of the spinal eord and 
vertebral column supply speeifie regions of the body. Not surpris- 
ingly, the nerves supply skeletal muscles in a top to bottom pat- 
tern: the eervieal nerves supply muscles of the head, neek, 
shoulders, and upper limbs; the thoraeie nerves supply muscles of 
the upper limbs, thorax, vertebral column, and hips; the lumbar 
nerves supply muscles of the vertebral column, hips, and lower 
limbs; and the saeral nerves supply muscles of the lower limbs 
(figure 11.12^) 


Eaeh of the spinal nerves except C1 has a speeifie cutaneous 
sensory distribution. A dermatome (der-mà-tò'm) is the area of skin 
supplied with sensory innervation by a pair of spinal nerves. A der- 
matomal (der-mà-tò'màl) map shows the distribution of all the 
dermatomes (figure 11.12^). 


Prediet 



The dermatomal map is important in elinieal eonsiderations of nerve damage. 
Loss of sensation in a dermatomal pattern ean provide valuable information 
about the loeation of nerve damage. Prediet the possible site of nerve damage 
for a patient who suffered whiplash in an automobile aeeident and subse- 
quently developed anesthesia (no sensations) in the left arm, forearm, and 
hand (see fìgure 11.12 b for help). 
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Figure 11.12 spinal eord and Dermatomal Map 

( a ) Nerves of the spinal eord and their functions.The regions are eolor-eoded. (b) Letters 
and numbers indieate the spinal nerves innervating a given dermatome (region of skin). 
The faee is supplied by eranial nerve V (trigeminal nerve). 
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16 How many spinal nerves of eaeh type are there? 

17 Deseribe the general pattern of distribution of spinal nerves to 
skeletal muscles. 

18 What is a dermatome? Why are dermatomes elinieally important? 

Spinal Nerves and Plexuses 

Spinal nerves arise from the spinal eord as rootlets (figure 11.13). 
The rootlets eombine to form the ventral and dorsal roots, which 
eombine to form the spinal nerve. The spinal nerve divides to form 
branehes ealled rami (rà'ml, branehes). Eaeh spinal nerve has a dor- 
sal and a ventral ramus (rà'mus). Additional communicating rami 
are assoeiated with the sympathetie division of the ANS (see ehap- 
ter 13). The dorsal rami innervate most of the deep muscles of the 
dorsal trunk responsible for movement of the vertebral column. 
They also innervate the eonneetive tissue and skin near the midline 
of the baek. 


The ventral rami are distributed in two ways. In the thoraeie 
region, the ventral rami form intereostal (between ribs) nerves (see 
figure 11.13), which extend along the inferior margin of eaeh rib and 
innervate the intereostal muscles and the skin over the thorax. 

The ventral rami of the eervieal, lumbar, saeral, and eoeeygeal 
spinal nerves form plexuses (plek'sus-éz). The term plexus means 
braid and deseribes the organization produced by the intermingling 
of the nerves. The braehial plexus will be used to illustrate how the 
spinal nerves intermingle within a plexus and then give rise to nerves 
that are distributed throughout the body. The braehial plexus is the 
most eomplieated plexus, and other plexuses have similar, but sim- 
pler, intereonneetions. 

The braehial plexus originates from spinal nerves C3—Tl 
(figure 11.14). The ventral rami of the spinal nerves are ealled the 
roots of the plexus. These roots should not be confused with the 
dorsal and ventral roots from the spinal eord, which are more medial. 
The five roots join to form three trunks, which separate into six divi- 
sions and then join again to ereate three eords (posterior, lateral, and 
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Figure 11.13 Spinal Nerves 

Typieal thoraeie spinal nerves have dorsal and ventral roots, as well as dorsal, ventral, and communicating rami. Communicating rami eonneet to the sympathetie 
ehain (see ehapter 13). 
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Roots (ventral rami): C5, C6, C7, C8, T1 

Trunks: upper, middle, lower 

Anterior divisions 

Posterior divisions 

Cords: posterior, lateral, medial 

Major branehes: 

Axillary nerve 
Radial nerve 
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Median nerve 
Lllnar nerve 
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Figlire 11.14 Braehial Plexus apirj 

The roots of the plexus areformed by the ventral rami of spinal nerves C5-T1 and join to form an upper, middle, and lower trunk. Eaeh trunk divides into anterior and 
posterior divisions.The divisions join together to form the posterior, lateral, and medial eords from which the major braehial plexus nerves arise. The major braehial 
plexus nerves include the axillary, radial, musculocutaneous, median, and ulnar nerves.These nerves innervate the muscles and skin of the upper limb. 


medial) from which five major branehes, or nerves, emerge. The five 
major nerves are the axillary, radial, musculocutaneous, ulnar, and 
median nerves. They supply the upper limb. 

The distribution of the radial nerve to skeletal muscles of the upper 
limb is shown in figure 11.15. In a similar fashion, nerves arising 
from plexuses are distributed to skeletal muscles throughout the 
body (table 11.1). Nerves arising from plexuses also supply the skin 


(figure 11.16). Referring to figure 11.14, note that axons of spinal 
nerves C5—T1 ean reaeh the radial nerve through the intereonneetions 
of the braehial plexus. Thus, axons in the radial nerve arise from levels 
C5-T1 of the spinal eord. The cutaneous distribution of a nerve arising 
from a plexus is different from the cutaneous distribution (dermatome) 
arising from a spinal nerve because the plexus nerve eonsists of axons 
from more than one level of the spinal eord. 
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19 Differentiate among rootlet, dorsal root, ventral root, and spinal 
nerve. 

20 Contrast dorsal, ventral, and communicating rami of spinal nerves. 
What muscles do the dorsal rami innervate? 

21 Deseribe the distribution of the ventral rami of the thoraeie region. 

22 What is a plexus? What happens to the axons of spinal nerves as they 
passthrough a plexus? 


CASE STIIDY 


eervieal Rib Syndrome 


Sarah, vvho is 26, notieed that over a period of time she experienced 
pain, tingling, and numbness in the ring fìnger and little fìnger of 
her right hand. She also had pain in her elbovv, vvhieh radiated dovvn 
the posteromedial portion of her forearm and hand. She made 
an appointment vvith her physieian. After careful examination of 
Sarah's upper limb, her physieian ordered a radiograph of her neek, 
vvhieh diselosed a right eervieal rib attaehed to vertebra C7. Cervical 
ribs are not uncommon, occurring in about 1% of the population. 
Most people exhibit no symptoms, but symptoms may develop in 
some people. If the extra rib eompresses the inferior roots of the 
braehial plexus (seefìgure 11.14), theeondition isealled eervieal rib 
syndrome. 


Prediet 


4 


Use figures 11.12,11.14, and 11.16 to answer these questions. 

a. Name the braehial plexus nerves supplying the skin of the hand. 

b. Damage to which of these nerves could produce the symptoms seen 
in Sarah's hand? 

e. What made Sarah's physieian suspect eervieal rib syndrome rather 
than damage to an individual nerve? 

d. Cervical rib syndrome ean also affeet muscles, producing muscle 
weakness and paralysis. Muscles supplied by what nerves could be 
affeeted by a eervieal rib? 


Major Spinal Nerve Plexuses 

The ventral rami of the eervieal, lumbar, saeral, and eoeeygeal 
spinal nerves form five major plexuses (plek'siis-éz): the eervieal, 
braehial, lumbar, saeral, and eoeeygeal plexuses (see figure 11.11). 

eervieal Plexus 

The eervieal plexus is a relatively small plexus originating from 
spinal nerves Cl-C4 (see figure 11.11). Branehes derived from this 
plexus innervate superficial neek structures, including several of the 
muscles attaehed to the hyoid bone. The eervieal plexus innervates 
the skin of the neek and posterior portion of the head. The phrenie 
(fren'ik) nerve, which originates from spinal nerves C3-C5, is 
derived from both the eervieal and braehial plexus. The phrenie 
nerves deseend along eaeh side of the neek to enter the thorax. They 
deseend along the sides of the mediastinum to reaeh the dia- 



Figure 11.15 Radial Nerve 

The route of the radial nerve and the muscles it innervates are illustrated and 
listed. 


phragm, which they innervate. Contraction of the diaphragm is 
largely responsible for the ability to breathe. 


Prediet 



Explain how damage to or eompression of the right phrenie nerve affeets the 
diaphragm. Deseribe the effeet on breathing of a eompletely severed spinal 
eord at the level of C2 versus at the level of C6. 


Braehial Plexus 

The braehial plexus originates from spinal nerves C5—Tl (see figures 
11.11 and 11.14). The five major nerves emerging from the braehial 
plexus to supply the upper limb are the axillary, radial, musculocuta- 
neous, ulnar, and median nerves (see table 11.1). Smaller nerves 
arising from the braehial plexus supply muscles and skin of the trunk 
and upper limb. 
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Table 11.1 


Major Nerves Arising from Spinal Nerve Plexuses 


Nerve (Origin) 


Muscles Innervated 


IVIajor Movements 


Cutaneous Distríbution 



Cervical Plexus 




Phrenie (C3-C5) 

Diaphragm 

Inferior movement inereases 
thoraeie volume 

None 

Braehial Plexus 

Axillary (C5-C6) 

Deltoid 

Teres minor 

Abducts arm 

Laterally rotates arm 

Inferior lateral shoulder 

Radial (C5-T1) 

Trieeps braehii 

Braehialis (part) and braehioradialis 
Supinator 

Posterior extrinsic hand muscles 

Extends elbow 

Flex elbow 

Supinates forearm 

Extend, abduct, and adduct wrist; 
extend fingers; extend and 
abductthumb 

Posterior surface of arm and forearm; 
lateral two-thirds of dorsum 
of hand 

Musculocutaneous (C5-C7) 

Coracobrachialis 

Bieeps braehii 

Braehialis (most) 

Flexes shoulder 

Flexes elbow and supinates forearm 
Flexes elbow 

Lateral surface of forearm 

Lllnar (C8-T1) 

Anterior extrinsic hand muscles 

intrinsie hand muscles 

Flex and adduct wrist; flex distal 
phalanges of little and ring finger 
Adduct thumb; abduct and adduct 
fingers; oppose, flex, and extend 
little finger 

Medial one-third of hand, little 
finger, and medial half of ring 
finger 

Median (C5-T1) 

Pronators 

Anterior extrinsic hand muscles 

intrinsie hand muscles 

Pronate forearm 

Flex and abduct wrist; flex distal 
phalanges of middle and little 
fingers; flex middle and proximal 
phalanges; flex thumb 

Oppose, flex, and abduct thumb 

Lateral two-thirds of palm of hand; 
anterior surface of thumb, index, 
and middle fingers; dorsal tips of 
thumb, index, middle, and ring 
(lateral half) fingers 

Lumbosacral Plexus 

Obturator (L2-L4) 

Adductor muscles of medial thigh 
Graeilis 

Adductthigh 

Adducts thigh, flexes knee 

Superior medial side of thigh 

Femoral (L2-L4) 

Pectineus 

lliopsoas 

Sartorius 

Rectusfemoris 

Vastus lateralis, vastus medialis, and 
vastus intermedius 

Adducts thigh, flexes hip 

Flexes hip 

Flexes hip, flexes knee 

Flexes hip, extends knee 

Extend knee 

Anterior and lateral thigh; medial 
leg and foot 

Seiatie nerve (L4-S3) 

Composed of tibial and eommon 
fibular nerves bound together 
in a eommon sheath 

See tibial and eommon 
fibular nerves 

See tibial and eommon 
fibular nerves 

Tibial (L4-S3) 

Hamstrings (long head of bieeps 
femoris, semitendinosus, and 
semimembranosus) 

Adductor magnus (hamstring part) 
Gastrocnemius and soleus 

Posterior extrinsic foot muscles 
intrinsie foot muscles 

Extend hip, flex knee 

Extends hip 

Plantarflexfoot 

Plantar flex and invert foot; flex toes 
Flex, extend, abduct, and adduct 

toes 

Heel and sole of foot; posterior 
surface of leg and lateral foot 
through the sural nerve 

Common Fibular (L4-S2) 

Bieeps femoris (short head) 

Anterior extrinsic foot muscles 

Lateral extrinsic foot muscles 
intrinsie foot muscle 

Flexes knee 

Dorsiflex, invert, and evert foot; 
extend toes 

Plantar flex and evert foot 

Extends toes 

Anterior surface of leg and dorsum 
of foot; posterior surface of leg 
and lateral foot through the 
sural nerve 


1 
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Figlire 11.16 Cutaneous Distribution of Major Plexus Nerves 

( a ) Cutaneous distribution of eervieal and braehial plexus nerves to the shoulder and 
upper limb. (ò) Cutaneous distribution of lumbar and saeral plexus nerves to the hip 
and lower limb. 
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Braehial Anesthesia 

The entire upper limb ean be anesthetized by injeeting an anes- 
thetie near the braehial plexus. This is ealled braehial anesthesia. 
The anesthetie ean be injeeted between the neek and the shoulder 
posterior to the elaviele. 


Lumbar and Saeral Plexuses 

The lumbar plexus originates from the ventral rami of spinal 
nerves Ll—L4 and the saeral plexus from L4 to S4. Because of their 
elose, overlapping relationship and their similar distribution, how- 
ever, the two plexuses often are eonsidered together as a single 
lumbosacral plexus (Ll—S4) (see figure 11.11). Four major nerves 
exit the lumbosacral plexus and enter the lower limb: the obtura- 
tor, femoral, tibial, and eommon fibular (peroneal) (per-ò-né 'àl) 
nerves (see table 11.1). Other lumbosacral nerves supply muscles 


of the lower baek, hip, and lower abdomen and the skin of the hip 
and thigh (see figure 11.16). 

The tibial and eommon fibular nerves originate from spinal seg- 
ments L4—S3 and are bound together within a eonneetive tissue 
sheath for the length of the thigh. The two nerves bound together are 
referred to jointly as the seiatie (sì-at'ik, hip) nerve. The seiatie nerve is 
by far the largest peripheral nerve in the body. It passes through the 
greater seiatie noteh in the coxal bone and deseends in the posterior 
thigh to the baek of the knee, where the tibial and eommon fibular 
nerves separate from eaeh other. The seiatie nerve supplies the posterior 
thigh muscles, the tibial nerve supplies the posterior eompartment of the 
leg, and the eommon fibular supplies the anterior and lateral eompart- 
ments. Branehes of the two nerves eombine to form the sural nerve, 
which supplies the skin on the posterior and lateral leg (see figure 11.16). 

eoeeygeal Plexus 

The eoeeygeal (kok-sij'é-àl) plexus is a very small plexus formed 
from the ventral rami of spinal nerve S3 and the eoeeygeal nerve 
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Relevanee 


Radial Nerve Damage 

The radial nerve lies nearthe humerus in the 
axilla. When crutches are used improperly, 
the crutch is pushed tightly into the axilla. 
This ean damage the radial nerve by eom- 
pressing it against the humerus, resulting in 
crutch paralysis. In this disorder, muscles 
innervated by the radial nerve lose their 
function.The major symptom of radial nerve 
damage is wrist drop, an inability to extend 
the vvrist vvhen the pronated forearm is held 
parallel to the ground. Consequently, the 
vvrist drops into a flexed position. 

The radial nerve ean be permanently 
damaged by a fracture of the humerus in the 
proximal part of the arm. A sharp edge of the 
broken bone may cut the nerve, resulting in 
permanent paralysis unless the nerve is surgi- 
eally repaired. Because of potential damage 
to the radial nerve, a broken humerus should 
be treated very carefully. 


lllnar Nerve Damage 

The ulnar nerve is the most easily damaged 
of all the peripheral nerves, but such dam- 
age is almost alvvays temporary. Slight dam- 
age to the ulnar nerve may occur vvhere it 
passes posterior to the medial epieondyle of 
the humerus. The nerve ean be felt just 
belovv the skin at this point, and, if this 
region of the elbovv is banged against a hard 



Nerve Damage 

objeet, temporary ulnar nerve damage may 
occur. This damage results in painful tin- 
gling sensations radiating dovvn the ulnar 
side of the forearm and hand. Because of 
this sensation, this area of the elbovv is often 
ealled the funny bone or erazy bone. 

Median Nerve Damage 

Damage to the median nerve occurs most 
eommonly vvhere it enters the vvrist through 
the earpal tunnel.This tunnel is ereated by 
the eoneave organization of the earpal 
bones and the retinaculum on the anterior 
surface of the vvrist. None of the eonneetive 
tissue eomponents of the earpal tunnel 
expand readily.The tendons passing through 
the earpal tunnel may beeome inflamed and 
enlarged as a result of repetitive movements. 
This inflammation ean produce pressure 
vvithin the earpal tunnel, thereby eompress- 
ing the median nerve and resulting in 
numbness, tingling, and pain in the fìngers. 
The thenar muscles, innervated by the 
median nerve, have reduced function, result- 
ing in vveakness in thumb flexion and oppo- 
sition.This eondition is referred to as earpal 
tunnel syndrome. Carpal tunnel syndrome 
is eommon among people vvho perform 
repetitive movements of the vvrists and fìn- 
gers, such as keyboard operators. Surgery is 
often required to relieve the pressure. 



People attempting suicide by cutting 
the vvrists eommonly cut the median nerve 
proximal to the earpal tunnel. 

Seiatie Nerve Damage 
Seiatiea produces severe spasms of throb- 
bing or stabbing pain that radiates dovvn 
the baek of the thigh and leg. It is caused 
by inflammation or damage to the seiatie 
nerve. The most eommon cause is a herni- 
ated lumbar disk, resulting in pressure on 
the spinal nerves contributing to the lumbar 
plexus. Seiatiea may also be produced by 
pressure from the uterus during pregnaney. 
Other causes of seiatiea are nerve damage 
resulting from trauma or an improperly 
administered injeetion, meehanieal streteh- 
ing of the nerve during exertion, vitamin 
defìeieney, and metabolie disorders, such as 
gout or diabetes. 

If a person sits on a hard surface for a 
eonsiderable time, the seiatie nerve may be 
eompressed againstthe isehial portion of the 
coxal bone. When the person stands up, a tin- 
gling sensation, deseribed as "pins and nee- 
dles," ean be felt throughout the lovver limb, 
and the limb is said to have"gone to sleep." 
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(Co). This small plexus supplies the muscles of the pelvie floor and 
the skin over the coccyx. The dorsal rami of the eoeeygeal nerves also 
innervate some skin over the coccyx. 

23 Name the five major spinal nerve plexuses and the spinal nerves 
assoeiated with eaeh one. 

24 Name the major nerves emerging from the eervieal, braehial, and 
lumbosacral plexuses. 

25 Deseribe the contribution of the tibial and eommon fibular nerves to 
the seiatie and sural nerves. 

26 What structures are innervated by the eoeeygeal plexus? 

11.4 Brain 

The brain is that part of the CNS eontained within the eranial eavity. 
It is the eontrol eenter for many of the body’s functions. The brain is 
much like a complex eentral computer but with additional functions 
that no computer ean as yet mateh. Indeed, one goal in computer 


teehnology is to make computers that ean function more like the 
human brain. The brain eonsists of the brainstem, the cerebellum, 
the dieneephalon, and the eerebmm (figure 11.17). 

27 Namethe parts of the brain. 


11.5 Brainstem 

The brainstem eonsists of the medulla oblongata, pons, and midbrain 
(see figure 11.17). It eonneets the spinal eord and cerebellum to the 
remainder of the brain, and 10 of the 12 pairs of eranial nerves arise 
from it. In general, the posterior part of the brainstem eontains 
aseending traets from the spinal eord, cerebellum, and eranial nerves, 
whereas the anterior part of the brainstem eontains deseending traets 
involved with motor eontrol. The brainstem eontains several nuclei 
involved in vital body fimetions, such as the eontrol of heart rate, 
blood pressure, and breathing. Damage to small areas of the brainstem 
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Figure 11.17 Regions of the Right Half of the Brain ap 

Right half of the brain as seen in a median seetion. 
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Cerebellum 


ean cause death, whereas damage to relatively large areas of the eere- 
brum or cerebellum often do not cause death. 

28 Name the parts of the brainstem. 


arehed footbridge (see figure 11.17). Several nuclei of the medulla 
oblongata extend into the lower part of the pons, so that fimetions 
such as breathing, swallowing, and balanee are eontrolled in the lower 
pons, as well as in the medulla oblongata. Other nuclei in the pons 
eontrol fimetions such as chewing and salivation. 


Medulla Oblongata 

The mediilla oblongata (ob'long-gà'tà, oblongns, rather long) is the 
most inferior portion of the brainstem (figure 11.18) and is continu- 
ous with the spinal eord. It extends from the level of the foramen 
magnum to the pons. In addition to aseending and deseending nerve 
traets, the medulla oblongata eontains diserete nuclei with speeifie 
fimetions, such as the regulation of heart rate, blood vessel diameter, 
breathing, swallowing, vomiting, coughing, sneezing, hiccuping, bal- 
anee, and eoordination. 

On the anterior surface, two prominent enlargements ealled 
pyramids extend the length of the medulla oblongata. They are 
ealled pyramids because they are broader near the pons and taper 
toward the spinal eord (see figure 11 . 18 / 2 ). The pyramids are deseend- 
ing traets involved in the conscious eontrol of skeletal muscles. Near 
their inferior ends, most of the fibers of the deseending traets eross to 
the opposite side, or decussate (dé'ku-sàt, dé-kus'àt, to form an X, as 
in the Roman numeral X). This decussation accounts, in part, for the 
faet that eaeh half of the brain eontrols the opposite half of the body. 

Pons 

The pons is the part of the brainstem just superior to the medulla 
oblongata (see figure 11.18). It eontains aseending and deseending 
nerve traets, as well as several nuclei. Some of the nuclei in the pons 
relay information between the eerebmm and the cerebellum. The term 
pons means bridge, and it deseribes both the structure and the fimetion 
of the pons. Not only is the pons a fimetional bridge between the 
eerebmm and cerebellum, but on the anterior surface it resembles an 


Midbrain 

The midbrain, just superior to the pons, is the smallest region of the 
brainstem (see figure 11.18). The posterior part of the midbrain 
eonsists of four mounds eolleetively ealled the eorpora (kòr'pòr-à, 
bodies) quadrigemina (kwah'dri-jem'i-nà, four twins). Eaeh mound 
is ealled a colliculus (ko-lik'u-lus, hill). The two inferior colliculi 
are major relay eenters for the auditory nerve pathways in the CNS. 
The two superior colliculi are involved in visual reflexes. Tbrning of 
the head toward a tap on the shoulder, a sudden loud noise, or a 
bright flash of light are reflexes eontrolled in the superior colliculi. 
The midbrain eontains nuclei involved in the eoordination of eye 
movements and in the eontrol of pupil diameter and lens shape. The 
midbrain also has nuclei involved with the regulation of general body 
movements that are named aeeording to their eolor. Two nuclei, eaeh 
ealled a substantia nigra (sub-stan'shé-à nl'grà, blaek substance), 
are dark gray or blaek in eolor because their neurons eontain melanin 
granules. The paired red nuclei are pinkish in eolor as a result of their 
abundant blood supply. The rest of the midbrain eonsists largely of 
aseending traets from the spinal eord to the eerebmm and deseend- 
ing traets from the eerebmm to the spinal eord or cerebellum. The 
eerebral peduncles (pe-dung'klz, pé'dung-klz, the foot of a column) 
are deseending motor traets forming the anterior part of the midbrain. 


Reticular Formation 

Seattered throughout the brainstem is a group of nuclei eolleetively 
ealled the reticular formation. The reticular formation plays important 
regulatory fimetions in the brain. It is particularly involved in regulating 
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Figlire 11.18 Brainstem and Dieneephalon 


eyelieal motor functions, such as breathing, walking, and chewing. The 
reticular formation is a major eomponent of the reticular aetivating 
system, which plays an important role in arousing and maintaining 
consciousness and in regulating the sleep—wake eyele. Stimuli such as an 
alarm eloek ringing, sudden bright lights, smelling salts, or eold water 
splashed on the faee ean arouse consciousness. Conversely, the removal 
of visual or auditory stimuli may lead to drowsiness or sleep. General 
anestheties hinetion by suppressing the reticular aetivating system. 
Damage to eells of the reticular formation ean result in eoma. 

29 Deseribe the major eomponents of the medulla oblongata, pons, 
midbrain, and reticular formation. What are the general functions of 
eaeh region? 

11.6 Cerebellum 

The cerebellum (ser-e-beriim) is attaehed to the posterior brainstem 
(see figure 11.17). The term cerebellum means little brain. In many 
ways, the cerebellum is a smaller version of the main part of the human 
brain, the eerebmm. The cerebellum is attaehed to the brainstem by 
three large traets ealled eerebellar peduncles (see figure 11.18^). The 


cerebellum eonneets with the midbrain by the superior eerebellar 
peduncles, the pons by the middle eerebellar peduncles, and the 
medulla oblongata by the inferior eerebellar peduncles. 

The gray matter of the cerebellum eonsists of an outer cortex 
and nuclei deep within the cerebellum. The eerebellar cortex has 
ridges ealled folia (fò'lé-à, leafs) (figure 11.19T). The white matter of 
the cerebellum eonsists of traets eolleetively ealled the arbor vitae 
(ar'bòr vl'te, tree of life) because they resemble a tree when viewed 
in a median seetion. Many of the axons of the arbor vitae are the 
same axons forming the eerebellar peduncles. Thus, the arbor vitae 
eonneet the gray matter of the cerebellum to the rest of the CNS. For 
example, the terminal branehes of the arbor vitae (tree of life) eon- 
neet to the folia (leaves). The white matter of the cerebellum also 
eonneets the eerebellar cortex and eerebellar nuclei together. 

The cerebellum eonsists of three parts: a small inferior part, the 
flocculonodular (flok'u-lò-nod'u-làr, floccular, a tuft ofwool) lobe; 
a narrow eentral vermis (worm-shaped); and two large lateral hemi- 
spheres (figure 11.19^ and e ). 

The flocculonodular lobe, the simplest part of the cerebellum, 
helps eontrol balanee and eye movements. The vermis and medial por- 
tions of the lateral hemispheres are involved in the eontrol of posture, 
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Figure 11.19 Cerebellum apir 

(a) Right half of the cerebellum and brainstem as seen in a median seetion. (ò) Inferior view of the cerebellum. (e) Superior view of the cerebellum. 


loeomotion, and fine motor eoordination, thereby producing smooth, 
flowing movements. The major portions of the lateral hemispheres of 
the cerebellum fimetion in eoneert with the frontal lobes of the eere- 
bral cortex in planning, praetieing, and learning complex movements. 

Eaeh lateral hemisphere is divided by a primary fissure into an 
anterior lobe and a posterior lobe. The lobes are subdivided into 
lobules, which eontain the folia. 

30 Deseribe the eonneetions of the cerebellum to the brainstem. 

31 What parts of the cerebellum are gray and white matter? 

32 What is the function of the arbor vitae? 

33 Name the three major regions of the cerebellum and deseribe their 
major functions. 


11.7 Dieneephalon 

The dieneephalon (dl-en-sef'à-lon) is the part of the brain loeated 
between the brainstem and the eerebmm (see figure 11.17). Its 
main eomponents are the thalamus, subthalamus, epithalamus, and 
hypothalamus. 

Thalamus 

The thalamus (thal'à-mus) (figure 11.20a and b ) is by far the 
largest part of the dieneephalon, constituting about four-fifths of 
its weight. It is shaped somewhat like a yo-yo, with two large, 
lateral portions eonneeted in the eenter by a small stalk ealled 

the interthalamie adhesion, or intermediate mass. The thalamus 
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(a) Dieneephalon, medial view 
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Figure 11.20 Dieneephalon 

( a ) General overview ofthe right half ofthe dieneephalon as seen in a median seetion. (b)Thalamus, showing the nuclei. (e) Hypothalamus, showing the nuclei and right 
half of the pituitary gland. 


is a eolleetion of nuclei, eaeh performing different functions. Some 
of the nuclei are involved with sensory input. All sensory input 
that reaehes the cerebrum, except for the sense of smell, passes 
through the thalamus. Aseending axons earrying sensory informa- 
tion projeet to the thalamus, where they synapse with thalamie 
neurons in the nuclei. Thalamie neurons, in turn, send their axons 
to the eerebral cortex, where sensory input is loealized and most 
awareness of sensory input occurs. For this reason, the thalamus is 
eonsidered the sensory relay eenter of the brain. Auditory, visual, 
and other sensory input, such as pain, temperature, and touch, 
pass through the thalamus. The role of the thalamus in sensory 
input is eonsidered in detail in ehapter 12. 

Some of the thalamie nuclei are involved with eontrolling skel- 
etal muscles. They eonneet to, and interaet with, other parts of the 
brain that eontrol skeletal muscle eontraetion, espeeially the motor 
areas of the eerebral cortex, the cerebellum, and the basal nuclei (see 
“Basal Nuclei,” p. 323). The regulation of skeletal muscle eontrae- 
tion is eonsidered in detail in ehapter 12. 


Some of the thalamie nuclei are involved with the limbie system 
and emotions. They eonneet different parts of the limbie system and 
influence mood and aetions assoeiated with strong emotions, such as 
fear and rage. They also register an unlocalized, uncomfortable per- 
eeption of pain. 

Subthalamus 

The subthalamus is a small area immediately inferior to the thala- 
mus (see figure 11 .20a) that eontains several aseending and deseend- 
ing traets and the subthalamic nuclei. The subthalamic nuclei are 
assoeiated with the basal nuclei and are involved in eontrolling 
motor functions. 

Epithalamus 

The epithalamus is a small area superior and posterior to the thala- 
mus (see figure 11.20T). It eonsists of habenula and the pineal 
gland. The habenula (hà-ben'u-là) are influenced by the sense of 
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smell and are involved in emotional and viseeral responses to odors. 
The pineal (pin'é-àl) gland is shaped somewhat like a pineeone, 
from which the name pineal is derived. The pineal gland is an endo- 
erine gland that appears to play a role in eontrolling the onset of 
puberty (see ehapter 15). It also may influence the sleep—wake eyele 
and other biorhythms. 



Brain Sand in the Pineal Gland 

ln about 75% of adults, the pineal gland eontains granules of 
calcium and magnesium salts ealled "brain sand."These granules 
ean be seen on radiographs and are useful as landmarks in deter- 
mining whether or not the pineal gland has been displaeed by a 
pathologieal enlargement of a part of the brain, such as a tumor or 
a hematoma. 


Hypothalamus 

The hypothalamus is the most inferior part of the dieneephalon. 
Although a small portion of the brain, it eonneets to many other 
parts of the brain and spinal eord and is involved with autonomic, 
endoerine, emotional (limbie system), and basie body functions. The 
hypothalamus is a eolleetion of nuclei. For simplieity, a few major 
functions of the nuclei are shown in figure 11.20c. The nuclei are 
actually more eomplieated, and a given nucleus ean be involved with 
more than one fimetion. 

1 . Autonomic nervous system (ANS). The hypothalamus is a major 
integrating eenter for eontrolling the autonomic nervous system, 
helping eontrol heart rate, blood vessel diameter, urine release 
from the urinary bladder, and the movement of food through the 
digestive traet (see ehapter 13). 

2 . Endoerine system. The hypothalamus is part of and helps 
regulate the endoerine system. A fimnel-shaped stalk, the 
infundibulum (in-fun-dib'u-lum, a fimnel), extends from the 
floor of the hypothalamus to the pituitary gland, an important 
endoerine gland. Through the infundibulum, the hypothalamus 
regulates the pituitary gland’s seeretion of hormones, which 
influence fimetions as diverse as metabolism, reproduction, 
responses to stressfiil stimuli, and urine production 

(see ehapter 15). 

3. Limbie system. The hypothalamus is part of the limbie system 
and fimetions with other parts of the brain to affeet mood, 
motivation, and emotions. Sexual behavior and pleasure, feeling 
relaxed, rage, and fear are related to hypothalamie fimetions. 

The hypothalamus is direetly involved in stress-related and 
psyehosomatie illnesses. The mammillary (mam'i-làr-é, nipple) 
bodies are eolleetions of nuclei forming externally visible 
swellings on the posterior portion of the hypothalamus. They 
are involved in emotional responses to odors, olfaetory reflexes, 
and memory. 

4. Basie body fanetions. The hypothalamus is involved with many 
basie body fimetions. It plays a eentral role in the eontrol of 
body temperature, aetivating sweat glands for eooling and 


shivering for heating the body. Hypothalamie nuclei are 
involved in the eontrol of thirst, hunger, and sexual arousal. 
The suprachiasmatic nucleus, loeated above the optie 
ehiasm (see ehapter 14), fimetions as a “master eloek” for the 
timing of eireadian (ser-kà'dé-àn, eirea, about, dies, day) 
rhythms. Many events in our bodies wax and wane with a 
24-hour eyele. For example, body temperature ehanges about 
a degree every day, inereasing to a high in the late afternoon 
and low in the early morning. The sleep—wake eyele, feeding 
behavior, urinary output, and hormone seeretion are other 
examples of eireadian rhythms. The suprachiasmatic nucleus 
has eonneetions to the retina of the eye, and information 
about day length is used to set the eloek. If a person is kept 
in eonstant light or darkness, the eloek is not reset and a 
eyele is slightly more than 24 hours. Disruption of eireadian 
rhythms has been related to jet lag, insomnia, fatigue, 
disorientation, and bipolar disorder. 

34 Name the parts of the dieneephalon. 

35 Deseribe the structure of the thalamus. What are the general 
functions of the thalamie nuclei? 

36 Where are the subthalamus and epithalamus loeated? What are their 
functions? 

37 List four general functions of the hypothalamus and give examples of 
eaeh. 

38 What are the functions of the mammillary bodies and the 
suprachiasmatic nucleus? 

11.8 eerebmm 

The eerebmm (figure 11.21) is the part of the brain that most peo- 
ple think of when the term brain is mentioned. The eerebmm 
accounts for the largest portion of total brain weight, which is about 
1200 g in females and 1400 g in males. Brain size is related to body 
size; larger brains are assoeiated with larger bodies, not with greater 
intelligenee. 

The eerebmm is divided into left and right hemispheres by a 
longitudinal fissure (see figure ll.2la). The most conspicuous fea- 
mres on the surface of eaeh hemisphere are numerous folds ealled 
gyri (jl'rl, sing. gyrus, eirele), which greatly inerease the surface area 
of the cortex. The grooves between the gyri are ealled sulci (sul'sl, 
sing. sulcus , a furrow or diteh). The eentral sulcus, which extends 
aeross the lateral surface of the eerebmm from superior to inferior, is 
loeated about midway along the length of the brain. The general pat- 
tern of the gyri is similar in all normal human brains, but some 
variation exists between individuals and even between the two hemi- 
spheres of the same eerebmm. 

Eaeh eerebral hemisphere is divided into lobes, which are 
named for the skull bones overlying eaeh one (see figure 11.21). The 
frontal lobe is important in voluntary motor fiinetion, motivation, 
aggression, the sense of smell, and mood. The parietal lobe is the 
major eenter for the reeeption and evaluation of most sensory infor- 
mation, such as touch, pain, temperature, balanee, and taste. The 
frontal and parietal lobes are separated by the eentral sulcus. The 
oeeipital lobe fimetions in the reeeption and integration of visual 
input and is not distinetly separate from the other lobes. The 
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Figure 11,21 eerebmm 

(a) Superior view of the left and right eerebral hemispheres. (ò) Lateral view of the left eerebral hemisphere. 


temporal lobe reeeives and evaluates input for smell and hearing 
and plays an important role in memory. Its anterior and inferior 
portions are referred to as the “psyehie cortex,” and they are assoei- 
ated with such brain functions as abstraet thought and judgment. 
Most of the temporal lobe is separated from the rest of the eerebmm 
by a lateral fissure. Deep within the lateral fissure is the insula 
(in'soo-là, island), often referred to as a fifth lobe. It reeeives input 
for taste and is involved with viseeral and autonomic functions. 

The gray matter on the outer surface of the cerebrum is the 
cortex, and clusters of gray matter deep inside the brain are nuclei. 
The white matter of the brain between the cortex and nuclei is the 
eerebral medulla. This term should not be confused with the 


medulla oblongata; medulla is a general term meaning the eenter of 
a structure. The eerebral medulla eonsists of traets that eonneet 
areas of the eerebral cortex to eaeh other or to other parts of the 
CNS (figure 11.22). The fibers in these traets fall into three main 
eategories. (1) Assoeiation fibers eonneet areas of the eerebral 
cortex within the same hemisphere. (2) Commissural fibers eon- 
neet one eerebral hemisphere to the other. The largest bundle of 
commissural fibers eonneeting the two eerebral hemispheres is the 
corpus callosum (kòr'piis ka-lò'stim) (see figures 11.17 and 
11.22). (3) Projeetion fibers are between the eerebmm and other 
parts of the brain and spinal eord. The projeetion fibers form the 
internal capsule. 
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Figlire 11.22 eerebral Medullary Traets 

{a) Frontal seetion of the brain showing commissural, assoeiation, and projeetion fibers. (ò) Photograph of the left eerebral hemisphere from a lateral view with the 
cortex and assoeiation fibers removed to reveal the projeetion fibers of the internal capsule deep within the brain. 
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Figure 11.23 Basal Nuclei of the Left Hemisphere 

"Transparent 3-D"drawing of the basal nuclei inside the left hemisphere. 


39 Define gyri and sulci. What structures do the longitudinal fissure, 
eentral sulcus, and lateral fissure separate? 

40 Define eerebral cortex and eerebral medulla. 

41 Name the five lobes of the eerebmm, and deseribe their loeations and 
functions. 

42 List three eategories of traets in the eerebral medulla. 


Basal Nuclei 

The basal nuclei are a group of functionally related nuclei loeated 
bilaterally in the inferior eerebmm, dieneephalon, and midbrain 
(figure 11.23). These nuclei are involved in the eontrol of motor 
fimetions (see ehapter 12). The nuclei in the eerebmm are 
eolleetively ealled the corpus striatum (kór'piis strl-à'tum, striped 
body) and include the caudate (kaw'dàt, having a tail) nucleus and 
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Head injuries are elassifìed as open or 
elosed. In an open injury the eranial eavity 
eontents are exposed to the outside, whereas 
in a dosed injury the eranial eavity remains 
intaet. Closed injuries, which are more eom- 
mon than open injuries, involve the head 
striking a hard surface or an objeet striking 
the head. Such injuries may result in brain 
trauma. The main trauma may be coup (ku), 
occurring at the site of impaet, or contrecoup 
(kon'tra-kO), occurring on the side of the brain 
opposite the impaet. Contrecoup injuries result 
from movement of the brain within the skull. 

The most eommon type of traumatic 
brain injury (75%—90%) is a concussion, 
which is an immediate, but transient, impair- 
mentof neuralfunction, such asa loss ofeon- 
sciousness or blurred vision. In some eases, 
postconcussion syndrome occurs a short 
time after the injury. The syndrome includes 
inereased muscle tension or migraine head- 
aehes, reduced aleohol toleranee, difficulty in 
learning new things, reduction in ereativity, 
ehanges in motivation, fatigue, and personal- 
ity ehanges.The symptoms may be gone in a 
month or may persist for as long as a year. 

Traumatic brain injury ean be diffuse or 
foeal. Diffuse brain injury usually results 

y _ 


Brain lnjuries and Hematomas 

from shaking, such as when a person shakes 
a ehild or when a person is thrown about in 
an automobile aeeident. As the name sug- 
gests, such injury is not loealized to one 
plaee in the brain but involves damage to 
many small vessels and nerves, espeeially 
around the brainstem. Foeal brain injury is 
a loealized brain injury. It often results from 
direet impaet injury to the brain or menin- 
ges. Foeal trauma ean produce contusions or 
hematomas. Contusions, or bruisings, are 
usually superfìcial and involve only the gyri. 

A hematoma is a loealized mass of 
blood released from blood vessels but eon- 
fined within an organ or a spaee. An accumu- 
lated mass of blood ean apply pressure to 
the brain, causing damage to brain tissue. 
Blood is toxic to brain tissue. Hematomas of 
the brain are elassifìed aeeording to where 
the bleeding occurs. Epidural hematomas 
result from an accumulation of blood in the 
epidural spaee and occur in about 1%-2% of 
major head injuries. Subdural hematomas 
result from an accumulation of blood in the 
subdural spaee and occur in 10%-20% of 
major head injuries. They most eommonly 
involve tears of the eortieal veins or dural 
venous sinuses, occur in the superior portion 



of the eranial eavity, and appear within hours 
of the head injury. Chronic subdural hema- 
tomas, which involve slow bleeding over 
weeks to months, are eommon in elderly 
people and in people who abuse aleohol. 
intraeerebral hematomas result from an 
accumulation of blood within the brain and 
occur in about 2%-3% of major head inju- 
ries. intraeerebral hematomas involve dam- 
age to small vessels within the brain and are 
often assoeiated with contusions. 

A stroke is the sudden development 
of neurological defeets due to an interrup- 
tion of blood delivery to brain tissue or to 
bleeding in the brain. isehemie stroke 
results from the bloekage of blood vessels 
by a blood elot, and hemorrhagie stroke 
results from bleeding and hematoma for- 
mation. An aneurysm (an'u-rizm) is a dila- 
tion, or ballooning, of an artery. The 
arteries around the brain are eommon 
sites for aneurysms, and hypertension ean 
cause one of these "balloons" to burst or 
leak, easing a hemorrhagie stroke. 
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lentiform (len'ti-fòrm, lens-shaped) nucleus. The subthalamic 
nucleus is loeated in the dieneephalon and the substantia nigra is 
loeated in the midbrain. They function in conjunction with the cau- 
date and lentiform nuclei in the eontrol of movement. 

43 List the basal nuclei and state their general function. 

Limbie System 

Parts of the eerebmm and dieneephalon are grouped together under 
the title limbie (lim'bik) system (figure 11.24). The limbie system 
plays a eentral role in basie survival fimetions, such as memory, 
reproduction, and nutrition. It is also involved in the emotional 
interpretation of sensory input and emotions in general. Limbus 
means border, and the term limbie refers to deep portions of the 
eerebmm that form a ring around the dieneephalon. Structurally, the 
limbie system eonsists of (1) eertain eerebral eortieal areas, including 
the cingulate (sin'gu-làt, to surround) gyrus, loeated along the inner 
surface of the longimdinal fissure just above the corpus callosum, and 
the parahippoeampal gyrus, loeated on the medial side of the 


temporal lobe; (2) various nuclei, such as anterior nuclei of the thala- 
mus, the habenula in the epithalamus, and the dentate gyrus of the 
hippocampus; (3) the amygdala; (4) the hypothalamus, espeeially 
the mammillary bodies; (3) the olfaetory cortex; and (6) traets eon- 
neeting the various eortieal areas and nuclei, such as the fornix, which 
eonneets the hippocampus to the thalamus and mammillary bodies. 

44 List the parts of the limbie system. What are the functions of the 
limbie system? 

11.9 Meninges, ventrieles, and 

eerebrospinal Fluid 

Meninges 

Three eonneetive tissue membranes, the meninges (mé-nin'jéz), 
surround and proteet the spinal eord (see figure 11.2) and the 
brain (figure 11.23). The most superficial and thiekest membrane is 
the dura mater (doo'rà mà'ter, tough mother). The dura mater is 
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Figlire 11.24 Limbie System 

Limbie system and assoeiated structures as seen in a median seetion. 
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Figlire 11.25 Meninges ap r, 

Frontal seetion of the head showing the meninges surrounding the brain. 


eomposed of dense irregular eonneetive tissue. Within the vertebral 
eanal, the dura mater is distinetly separate from the vertebrae, form- 
ing an epidural spaee (see figure 11.2). There is normally no epidu- 
ral spaee within the eranial eavity because the dura mater is tightly 
attaehed to the eranial bones. An epidural spaee ean develop, however, 


if an injury results in the accumulation of blood between the bone 
and dura mater. The dura mater within the eranial eavity eonsists of 
two layers. The outer periosteal layer is the inner periosteum of the 
eranial bones. The inner meningeal layer is continuous with the 
dura mater of the spinal eord. 
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The meningeal layer is separated from the periosteal layer in 
several regions to form striietiires ealled dural folds and dural 
venous sinuses. Dural folds are tough eonneetive tissue partitions 
that extend into the major brain fissures. The dura mater and dural 
folds help hold the brain in plaee within the skull and keep it from 
moving around too freely. The largest dural fold lies in the longitu- 
dinal fissure and is anehored anteriorly to the erista galli of the 
ethmoid bone. 

Dural venous sinuses are spaees that form where the two lay- 
ers of the dura mater are separated from eaeh other. The largest of 
these sinuses is the superior sagittal sinus, which runs along the 
median plane (see figure 11.25). All veins draining blood from the 
brain empty into dural venous sinuses. The dural venous sinuses 
subsequently drain into the internal jugular veins, which are the 
major veins that exit the eranial eavity to earry blood baek to the 
heart (see ehapter 19). 

The next meningeal membrane is a very thin, wispy araeh- 
noid (à-rak'noyd, spiderlike—i.e., cobwebs) mater. The subdu- 
ral spaee is between the dura mater and the araehnoid mater. It 
is a very small spaee eontaining a small amount of serous fluid. 

The third meningeal layer, the pia (pl'à, pé'à, affeetionate) 
mater, is bound very tightly to the surface of the brain. Between the 
araehnoid mater and the pia mater is the subarachnoid spaee, which 
eontains weblike strands of araehnoid mater, the blood vessels sup- 
plying the brain, and eerebrospinal fluid. 

45 Name the two layers of the dura mater. How are they related to the 
skull and the dura mater around the spinal eord? 

46 What is a dural fold? How are dural venous sinuses formed? 

47 Deseribe and list the eontents of the dural sinuses, subdural spaee, 
and subarachnoid spaee. 


CASE STIIDY 


Traumatic Brain lnjury 


The body of an 80-year-old female was being examined by the 
hospital pathologist to determine the cause of death. Her medieal 
reeords indieated no signifìeant history of cardiovascular disease, 
stroke, Alzheimer disease, or eaneer. She had been taken to the 
emergeney room after having been found lying in her bathtub 
and not breathing. Bleeding over the oeeipital region of her sealp 
led the pathologist to hypothesize that she had slipped and fallen 
while getting into the bath and had hit the baek of her head on 
the edge of the tub. Because the pathologist suspected a trau- 
matie brain injury as the cause of death, he focused most of his 
attention on the eontents of the eranial eavity. The pathologist 
noted superfìcial bruising and bleeding of the sealp in the oeeipi- 
tal region of the woman's head and then proeeeded to open the 
eranial eavity. Inside the eranial eavity, the pathologist noted a 
large subdural hematoma above the right frontal lobe of the 
woman's brain. In addition, he noted that the brain had shifted as 
a result of the extensive bleeding such that the medulla oblongata 
had been pushed inferiorly through the foramen magnum into 
the vertebral eanal. After eompleting a thorough inspeetion of the 






remainder of the woman's body, the pathologist determined the 
cause of death to be a subdural hematoma caused by a traumatic 
brain injury. 


Prediet 



a. Explain why the subdural hematoma was found in the frontal region 
of the brain when the blow to the head occurred over the oeeipital 
region. 

b. How did inferior movement of the medulla oblongata into the 
vertebral eanal contribute to the woman's death? 


ventrieles 

Eaeh eerebral hemisphere eontains a relatively large eavity, the lateral 
ventriele (figure 11.26). The lateral ventrieles meet at the midline 
just inferior to the corpus callosum. Where they eome together, the 
wall of eaeh ventriele is thin, forming a partition ealled the septum 
pellucidum (sep'tà pe-loo'sid-um, pl. septa pellucida, translucent 
walls). Usually, the partitions are fused together and are referred to as 
the septa pellucida. 

A smaller midline eavity, the third ventriele, is loeated in the 
eenter of the dieneephalon between the two halves of the thala- 
mus. If the thalamus is thought of as resembling a yo-yo, eaeh lobe 
of the thalamus is half of the yo-yo and the interthalamie adhesion 
is the stiek holding them together. The third ventriele is then the 
spaee around the stiek where the yo-yo’s string is wound up (see 
figure 11.26). 

The two lateral ventrieles eonneet to the third ventriele through 
two interventricular foramina. The lateral ventrieles ean be 
thought of as the first and seeond ventrieles in the numbering 
seheme, but they are referred to as the lateral ventrieles and are not 
numbered. The fourth ventriele is in the inferior part of the pons 
and the superior part of the medulla oblongata at the base of the 
cerebellum. The third ventriele eonneets with the fourth ventriele 
through a narrow eanal, the eerebral aqueduct, which passes 
through the midbrain. The fourth ventriele is continuous with the 
eentral eanal of the spinal eord, which extends nearly the full length 
of the eord. The fourth ventriele eonneets with the subarachnoid 
spaee through three openings—a median aperture in the roof of 
the fourth ventriele and two lateral apertures, one in eaeh lateral 
wall of the fourth ventriele. 

48 Name the four ventrieles of the brain, and deseribe their 
loeations and the eonneetions between them. What are the 
septa pellucida? 

49 How is the fourth ventriele eonneeted to the subarachnoid spaee? 


eerebrospinal Fluid 

Cerebrospinal (ser'é-bró-spl-nàl, sé-ré'brò-spì-nàl) fiuid (CSF) fills 
the ventrieles, the subarachnoid spaee around the brain and spinal 
eord, and the eentral eanal of the spinal eord. Approximately 23 mL 
of CSF fills the ventrieles, and 117 mL fills the subarachnoid spaee. 
CSF provides a proteetive fluid cushion around the brain and spinal 
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Figure 11.26 ventrieles of the Brain 

"Transparent 3-D"drawing of the ventrieles inside 
the brain viewed from the left. 
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eord, proteeting them from movements of the skull and vertebral 
column. It also provides some nutrients to CNS tissues. 

CSF is produced by speeialized neuroglia eells ealled ependymal 
eells (see ehapter 10). Ependymal eells and assoeiated blood vessels 
that produce CSF are eolleetively ealled the ehoroid (kò'royd, laey) 
plexuses (plek'sus-ez). About 80%—90% of the CSF is produced by 
ehoroid plexuses within the lateral ventrieles, with the remainder 
produced by ehoroid plexuses in the third and fourth ventrieles. 

CSF is a fluid similar to the fluid portion of blood with most of 
the proteins removed. CSF is formed through a variety of meeha- 
nisms. The majority of the fluid enters the ventrieles by following a 
Na + eoneentration gradient. Ependymal eells of the ehoroid plexus 
aetively transport Na + into the ventrieles and water passively follows. 
Large molecules are transported by pinoeytosis. The preeise meeha- 
nisms for the transport of glucose and other substances into CSF 
remain unknown. 

CSF produced from the blood in the ehoroid plexuses circu- 
lates through the ventrieles and enters the subarachnoid spaee, 
from which it returns to the blood (figure 11.27). CSF passes from 
the lateral ventrieles through the interventricular foramina into 
the third ventriele and then through the eerebral aqueduct into the 
fourth ventriele. Some CSF continues to flow inferiorly into the een- 
tral eanal of the spinal eord. The eentral eanal, however, is a dead 
end, and CSF that flows into it eventually flows baek into the 
fourth ventriele. CSF exits the fourth ventriele through the median 
and lateral apertures, enters the subarachnoid spaee, and flows 
throughout the subarachnoid spaee around the brain and spinal 
eord. Masses of araehnoid tissue, araehnoid granulations, pene- 
trate into the dural venous sinuses, espeeially the superior sagittal 
sinus. CSF passes from the subarachnoid spaee into the blood of 
the dural venous sinuses through these granulations. From the 
dural venous sinuses, the blood drains into the internal jugular 
veins to enter the veins of the general circulation. 



Hydrocephalus 

W 

CSF is produced at a rate of approximately 0.4 mL/min. If CSF 
returns to the blood at the same rate, the volume of CSF in the ven- 
trieles and subarachnoid spaee is eonstant. If the apertures of the 
fourth ventriele or the eerebral aqueduct are bloeked, CSF ean accu- 
mulate within the ventrieles.This eondition is ealled internal hydro- 
cephalus, or noncommunicating hydrocephalus, and it results in 
inereased CSF pressure.The production of CSF continues, even when 
the passages that normally allow it to exit the brain are bloeked. 
Consequently, fluid builds inside the brain, causing pressure, which 
compressesthenervoustissueanddilatestheventricles.Compression 
of the nervous tissue usually results in irreversible brain damage. If 
the skull bones are not eompletely ossifìed when the hydrocephalus 
occurs, the pressure may also severely enlarge the head.The eerebral 
aqueduct may be bloeked at the time of birth or may beeome 
bloeked later in life because of a tumor growing in the brainstem. 

Internal hydrocephalus ean be successfully treated by plaeing a 
drainage tube (shunt) between the brain ventrieles and abdominal 
eavity to eliminate the high internal pressures. There is some risk of 
infeetion being introduced into the brain through these shunts, how- 
ever, and the shunts must be replaeed as the person grows. 

A subarachnoid hemorrhage may bloek the return of CSF to the 
circulation. If CSF accumulates in the subarachnoid spaee, the eondi- 
tion is ealled external hydrocephalus, or communicating hydro- 
cephalus. In this eondition, pressure is applied to the brain externally, 
eompressing neural tissues and causing brain damage. 


50 Deseribe the production and circulation of CSF. Where does the CSF 
return to the blood? 
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1. The ehoroid plexuses produce eerebrospinal 
fluid (CSF) from the blood in eaeh of the 
ventrieles. CSF flow is represented by the 
white arrows. 

2. Direetion of CSF flow. CSF flows to the fourth 
ventriele and enters the subarachnoid spaee 
through the lateral and median apertures. 
Some CSF enters the eentral eanal of the 
spinal eord. 

3. CSF flows through the subarachnoid spaee 
to the araehnoid granulations, where it 
enters the blood in a dural venous sinus, 
such as the superior sagittal sinus ( inset , 
upper right). 
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Sagittal seetion, medial view 


Proeess Figure 11.27 Fiowof csf 



CSF flows through the ventrieles and subarachnoid spaee as shown by the vvhite arrovvs. The vvhite arrovvs going through the foramina in the wall and roof of the fourth 
ventriele depiet the CSF entering the subarachnoid spaee. CSF passes baek into the blood through the araehnoid granulations, which penetrate the dural sinus. 
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11.10 Blood Supply to the Brain 

The brain requires a tremendous amount of blood to maintain its 
normal functions. Tbe brain has a very high metabolie rate, and brain 
eells are not eapable of storing high-energy molecules for any length of 
time. In addition, brain eells depend almost entirely on glucose as their 
energy source. Thus, the brain requires a eonstant blood supply to 
meet the demands of brain eells for both glucose and oxygen. Even 
though the brain accounts for only about 2% of the total weight of the 
body, it reeeives approximately 15%—20% of the blood pumped by the 
heart. Interruption of the brains blood supply for only seeonds ean 
cause unconsciousness, and intermption of the blood supply for min- 
utes ean cause irreversible brain damage. 

The major blood vessels supplying the brain are deseribed in ehap- 
ter 18. Branehes of the arteries supplying the brain are loeated in the 
subarachnoid spaee. Smaller branehes from the arteries in the sub- 
araehnoid spaee extend into the brain and quickly divide into eapillar- 
ies. The epithelial eells of these eapillaries are surrounded by the foot 
proeesses of astroeytes (see figure 10.5). The astroeytes promote the 
formation of tight junctions between the epithelial eells. The epithelial 
eells with their tight junctions form the blood—brain barrier, which 
regulates the movement of materials from the blood into the brain. 
Materials that would enter many tissues by passing between the epithe- 
lial eells of eapillaries eannot pass through the blood—brain barrier 
because of the tight junctions. Most materials that enter the brain pass 
through the epithelial eells. Lipid-soluble substances, such as nieotine, 
ethanol, and heroin, ean diffuse through the plasma membranes of the 
epithelial eells and enter the brain. Water-soluble molecules, such as 
amino aeids and glucose, move aeross the plasma membranes of the 
epithelial eells by mediated transport (see ehapter 3). 



Drags and the Blood-Brain Barrier 

The permeability eharaeteristies of the blood-brain barrier must be 
eonsidered when developing drugs designed to affeet the CNS. For 
example, Parkinson disease is caused by a laek of the neurotransmit- 
ter dopamine, which normally is produced by eertain neurons of the 
brain. A laek of dopamine results in deereased muscle eontrol and 
shaking movements. Administering dopamine is not helpful because 
dopamine eannot eross the blood-brain barrier. Levodopa (L-dopa), a 
precursor to dopamine, is administered instead because it ean eross 
the blood-brain barrier. CNS neurons then eonvert levodopa to 
dopamine, which helps reduce the symptoms of Parkinson disease. 


51 What is the blood-brain barrier and what is its function? 

11.11 eranial Nerves 

Names and Functions 

The 12 pairs of eranial nerves arise from the brain. By eonvention, the 
eranial nerves are designated by Roman numerals (I—XII) from ante- 
rior to posterior (figure 11.28). The eranial nerves also have names. In 


numeric order, this mnemonie ean help you remember their names: 
On Oeeasion Our Trusty Truck Aets Funny; Very Good Vehiele 
AnyHow. The mnemonie eorresponds to the Olfaetory (I), Optie (II), 
Oculomotor (III), Troehlear (IV), Trigeminal (V), Abducent (VI), 
Faeial (VTI), Vestibulocochlear (VIII), Glossopharyngeal (IX), Vagus 
(X), Aeeessory (XI), and Hypoglossal (XII) nerves. 

Cranial nerve I (olfaetory) is eonneeted to the eerebmm and 
eranial nerve II (optie) is eonneeted to the dieneephalon. The 
remaining eranial nerves are eonneeted to the brainstem. Cranial 
nerves III (oculomotor), IV (troehlear), and V (trigeminal) have 
nuclei in the midbrain; eranial nerves V (trigeminal), VI (abducent), 
VII (faeial), VIII (vestibulocochlear), and IX (glossopharyngeal) have 
nuclei in the pons; and eranial nerves V (trigeminal), IX (glossopha- 
ryngeal), X (vagus), XI (aeeessory), andXII (hypoglossal) have nuclei 
in the medulla oblongata. 

Table 11.2 deseribes the eranial nerves and their fimetions in 
detail. There are two general eategories of eranial nerve fimetion: 
sensory and motor. Sensory fimetions include the speeial senses, such 
as vision and hearing, and the more general senses, such as touch and 
pain in the faee. The motor fimetions of the eranial nerves are subdi- 
vided into somatie motor and parasympathetie. Somatie motor era- 
nial nerves innervate skeletal muscles in the head and neek. The 
parasympathetie division is part of the autonomic nervous system 
(see ehapter 10). Parasympathetie eranial nerves innervate smooth 
muscle, eardiae muscle, and glands. 

Cranial nerves ean be grouped by fimetion. Some eranial nerves 
have only one type of fimetion, whereas others ean perform two or 
more types of fimetions. 

1. Speeial senses. Cranial nerve I (olfaetory) for smell, II (optie) for 
vision, and VIII (vestibulocochlear) for hearing and balanee are 
sensory-only nerves for the speeial senses. Cranial nerves VII 
(faeial), IX (glossopharyngeal), and X (vagus) innervate the 
tongue for the sense of taste. 

2. General sensory. Cranial nerve V (trigeminal) has the greatest general 
sensory fimetion of all the eranial nerves and is the only eranial 
nerve involved in sensory cutaneous innervation of the head. All 
other cutaneous innervation eomes from spinal nerves (see 
figure 11.12). Cranial nerve V (trigeminal) also provides sensory 
input from the oral and nasal eavities. Cranial nerves VII (faeial), IX 
(glossopharyngeal), andX (vagus) provide general sensory input 
from the palate, pharynx, and larynx. Cranial nerve X (vagus) also 
provides sensory input from thoraeie and abdominal organs. 

3. Somatie motor. Cranial nerves III (oculomotor), IV (troehlear), 
and VI (abducent) innervate eye muscles that move the eye. 
Cranial nerve V (trigeminal) innervates muscles of mastieation, 
VII (faeial) innervates muscles of faeial expression, XI 
(aeeessory) innervates the trapezius and sternoeleidomastoid 
muscles, and XII (hypoglossal) innervates the tongue muscles. 

4. Parasympathetie. Cranial nerve III (oculomotor) innervates 
smooth muscle within the eye that regulates pupil diameter and 
the shape of the lens. Cranial nerves VTI (faeial) and IX 
(glossopharyngeal) eontrol seeretions from salivary glands. Cranial 
nerve VTI (faeial nerve) also innervates laerimal (tear) glands. 
Cranial nerve X (vagus) extends into the thoraeie and abdominal 
eavities and is very important in regulating the fimetions of the 
heart, lungs, and digestive organs. 
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Figure 11.28 inferior Surface of the Brain Shovving the Origins of the eranial Nerves _ap:r 


eranial Nerve Disorders 

Trigeminal neuralgia, also ealled tie douloureux, involves the 
trigeminal nerve and eonsists of sharp bursts of pain in the faee. 
This disorder often has a trigger point in or around the mouth, 
which, when touched, elieits the pain response in some other part of 
the faee.The cause of trigeminal neuralgia is unknown. 

Faeial palsy (ealled Bell palsy) is a unilateral paralysis of the faeial 
muscles.The affeeted side ofthefaee droops because ofthe absenee of 
muscle tone. Although the cause of faeial palsy is often unknown, it ean 
result from inflammation of the faeial nerve or a stroke or tumor in the 
eerebral cortex or brainstem. The faeial nerve passes from deep to 
superfìcial through the parotid gland, and temporary faeial palsy ean 
result from inflammation of the parotid gland. Temporary faeial palsy 
ean even result from extreme eold in the faee, where the superfìcial 
branehes of the faeial nerve are loeated. 


52 Which eranial nerves are sensory only? With what sense is eaeh of 
these nerves assoeiated? 

53 Which eranial nerves are involved with the sense of taste? 


54 Which eranial nerve is sensory for the skin of the faee, oral eavity, and 
nasal eavity? 

55 Which eranial nerves eontrol the muscles moving the eye, muscles of 
mastieation, muscles of faeial expression, trapezius and 
sternoeleidomastoid muscles, and tongue muscles? 

56 Which four eranial nerves have a parasympathetie function? Deseribe 
the function of eaeh of these nerves. 


Prediet 



Llnilateral damage to the hypoglossal nerve results in loss of tongue move- 
ment on one side, which is most obvious when the tongue is protruded. If the 
tongue is deviated to the right, is the left or right hypoglossal nerve damaged? 


Trigeminal Nerve and Dental 
Anesthesia 

Trigeminal means three twins, and the sensory distribution of the 
trigeminal nerve in the faee is divided into three regions, eaeh sup- 
plied by a braneh of the nerve (see table 11.2). The three branehes— 
ophthalmie, maxillary, and mandibular—arise direetly from the 
trigeminal ganglion, which serves the same function as the dorsal root 
ganglia of the spinal nerves. Only the mandibular braneh eontains 
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Table 11.2 


eranial Nerves and Their Functions 


Cranial Nerve Foramen or Fissure* 


Function 


Consequences of 
Lesions to Nerve 


I: Olfaetory 


Cribriform plate 



Olfaetory 

bulb 

Olfaetory traet 
(to eerebral cortex) 


Oribriform plate 
of ethmoid bone 

Fibers of 
olfaetory 
nerves 


Sensory 

Speeial sense of smell 



Inability to smell 


IhOptie Optieforamen 

Eyeball 

Optie nerve 

Optie ehiasm 
Optie traet 


Sensory Blindness on the affeeted 

Speeial sense of vision s '^ e 




III: Oeiilomotor Superior orbital fissure 



Medial rectus 
muscle 


Levator palpebrae 
superioris muscle 


Superior 
rectus muscle 


Oiliary 


Oeiilomotor 

nerve 


ganglion 


rectus 

muscle 


nerve 


To eiliary 
muscles 

To sphineter 
of the pupil 

Inferior 

oblique 

muscle 



Motor + and parasympathetie 

Motor to eye muscles (superior, 
medial, and inferior rectus; 
inferior oblique) and upper eyelid 
(levator palpebrae superioris) 

Proprioeeptive from those muscles 

Parasympathetie to the sphineter 
of the pupil (causing eonstrietion) 
and the eiliary muscle of the 
lens (causing aeeommodation) 



Pupil dilation; eye deviates 
inferiorly and laterally due to 
muscle paralysis, resulting in 
double vision; eyelid droops 
(ptosis); blurred vision due to 
loss of aeeommodation 


*Route of entry or exit from the skull. 

+ Proprioception is a sensory function, not a motor function; however, motor nerves to muscles also eontain some proprioeeptive afferent fìbers from those muscles. Because proprioeeption is the only 
sensory information earried by some eranial nerves, these nerves are still eonsidered "motor." 
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Table 11.2 


eranial Nerves and Their Functions—eontiniied 


Cranial Nerve 


Foramen or Fissure* Function 


Consequences of 

Lesions to Nerve 


IV: Troehlear 


Superior orbital fissure 


Superior oblique 
muscle 



Motor + 

Motor to one eye muscle 
(superior oblique) 

Proprioeeptive from that 
muscle 


Eye deviates superiorly and 
medially due to muscle 
paralysis, resulting in double 
vision 



V: Trigeminal 


Ophthalmie braneh (Vd 


Superior orbital fissure 


Sensory 


Maxillary braneh (V 2 ) Foramen rotundum 

Mandibular braneh (V 3 ) Foramen ovale 



Maxillary 


Ophthalmie 


braneh (V 2 ) braneh (Vi) 


Trigeminal nerve 

Sensory root 
Motor root 

Mandibular 
braneh (V 3 ) 

Ohorda tympani 
(from faeial nerve) 


Trigeminal 

ganglion 


To muscles of mastieation 
Lingual nerve 


Inferior alveolar nerve 
Submandibular ganglion 

To mylohyoid muscle 


To skin 
of faee 

Superior 

alveolar 

nerves 


Mental 

nerve 


Trigeminal 

nerve 


Ophthalmie 
braneh (V^) 


Maxillary 
braneh (V 2 ) 

Mandibular 
braneh (V 3 ) 



Sensory from sealp, forehead, 
nose, upper eyelid, and 
eornea 

Sensory 

Sensory from palate, upper 
jaw, upperteeth and gums, 
nasopharynx, nasal eavity, 
skin and mucous membrane 
of eheek, lower eyelid, and 
upper lip 

Sensory and motor + 

Sensoryfrom lowerjaw, lower 
teeth and gums, anterior 
two-thirds of tongue, mucous 
membrane of eheek, lower lip, 
skin of eheek and ehin, auricle, 
and temporal region 

Motor to muscles of 
mastieation (masseter, 
temporalis, medial and lateral 
pterygoids), soft palate 
(tensorveli palatini), throat 
(anterior belly of digastrie, 
mylohyoid), and middle ear 
(tensor tympani) 

Proprioeeptive from those 
muscles 

All sympathetie and 
parasympathetie (III, VII, IX) 
axons in the head follow 
branehes of the trigeminal 
nerve to their target tissues 


Trigeminal neuralgia (see 
"Cranial Nerve Disorders,"p. 
330); intense pain along the 
course of a braneh of the 
nerve; loss of taetile sensation 
in the faee; weakness in biting 
or elenehing jaw 
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Table 11.2 


eranial Nerves and Their Functions—Continued 


Cranial Nerve Foramen or Fissure- 


Function 


Consequences of 
Lesions to Nerve 


VI: Abdiieent 


Superior orbital fissure 


Abducent 

nerve 



Lateral rectus 
muscle 


Motor + 

Motor to one eye muscle 
(lateral rectus) 

Proprioeeptive from that 
muscle 


Eye deviates medially 

(adducts) due to muscle 

paralysis, causing double 
vision 



VII: Faeial 


Internal auditory meatus 
Stylomastoid foramen 


Sensory, motor, + and parasympathetie 

Sense of taste from anterior two- 
thirds of tongue, sensory from 
some of external ear and palate 

Motor to muscles of faeial 
expression, throat (posterior 
belly of digastrie, stylohyoid), 
and middle ear (stapedius) 

Proprioeeptive from those muscles 

Parasympathetie to submandibular 
and sublingual salivary glands, 
laerimal gland, and glands of 
the nasal eavity and palate 


Faeial palsy; loss of taste 
sensation on the anterior 
two-thirds of tongue; 
deereased salivation 



Trigeminal 

ganglion 

Geniculate 
ganglion 


Faeial 

nerve 


Chorda tympani 
(for salivary glands, 
sense of taste) 


To digastrie and 
stylohyoid muscles 


To buccinator, lower 
lip, and ehin muscles 


To platysma 


Pterygopalatine 

ganglion 


To laerimal gland and 
nasal mucous membrane 


To forehead muscles 
To orbicularis oculi 

To orbicularis oris and 
upper lip muscles 
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Table 11.2 


eranial Nerves and Their Functions—eontiniied 


Cranial Nerve 


Foramen or Fissiire 


* 


Function 


Consequences of 
Lesíons to Nerve 


VIII: Vestibulocochlear 


Internal auditory meatus 


Sensory 


Vestibular nerve 



Speeial senses of hearing 
(eoehlear nerve) and balanee 
(vestibular nerve) 


Deereased or loss of hearing 
(eoehlear nerve); loss of 
balanee and equilibrium, 
nausea, vertigo, vomiting, and 
dizziness (vestibular nerve) 


Vestibiiloeoehlear 

nerve 


Cochlear 

nerve 


Spiral ganglion 
of eoehlea 


IX: Glossopharyngeal 


Jugular foramen 


Superior and inferior ganglia 


To parotid gland 


To pharynx 


Glossopharyngeal nerve 

To stylopharyngeus muscle 


To earotid 
body and 
earotid sinus 


To posterior third 
of tongue for 
taste and 
general sensation 




Sensory, motor, + and 
parasympathetie 

Sense of taste from posterior 
one-third of tongue; sensory 
from pharynx, palatine 
tonsils, posterior one-third of 
tongue, middle ear, earotid 
sinus, and earotid body 

Motorto pharyngeal muscle 
(stylopharyngeus) 

Proprioeeptive from pharyngeal 
muscle 

Parasympathetieto parotid 
salivary gland and glands 
of the posterior one-third 
of tongue 


Difficulty swallowing; loss of 
taste sensation in posterior 
one-third of tongue; 
deereased salivation 
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Table 11.2 


eranial Nerves and Their Functions—continued 


Cranial Nerve Foramen or Fissure x 


Function 


Consequences of 
Lesions to Nerve 


X: Vagiis 


Jugular foramen 


Left vagus nerve 



Pharyngeal 

braneh 

Right vagus 
nerve Larynx 


Liver 


Colon 


Small 

intestine 


Kidney 


Superior vagal 
ganglion 

Inferior vagal 
ganglion 

Superior laryngeal 
braneh 


Right recurrent 
laryngeal braneh 


Cardiac 

braneh 


Left recurrent 
laryngeal braneh 

Cardiac braneh 


Lung 


Pulmonary plexus 
Heart 

Esophageal plexus 
Stomaeh 

Spleen 


Sensory, motor, + and 
parasympathetie 

Sensory from inferior pharynx, 
larynx, thoraeie and 
abdominal organs; sense of 
taste from the epiglottis 

Motorto soft palate, pharynx, 
intrinsie laryngeal muscles 
(voiee production), and an 
extrinsictongue muscle 
(palatoglossus) 

Proprioeeptive from those 
muscles 

Parasympathetie to thoraeie 
and abdominal viseera 


Difficulty swallowing and/or 
hoarseness; uvula deviates 
away from side of the 
dysfunction 



XI: Aeeessory 



Foramen magnum 
Jugular foramen 

Aeeessory nerve 


Motor + 


Motor to sternoeleidomastoid 
and trapezius 


Difficulty elevating the 
scapula or rotating the neek 


Spinal roots of aeeessory nerve 


Cervical 


nerves 


Trapezius 

muscle 



Aeeessory nerve 


Sternoeleidomastoid 

muscle 
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Table 11.2 


eranial Nerves and Their Functions—eontiniied 


Cranial Nerve 


Foramen or Fissiire 


* 


Function 


Consequencesof 

Lesions to Nerve 


XII: Hypoglossal 


C1 


C2 


C3 


Ansa eerviealis to 
infrahyoid muscles 
(eervieal nerves 
mnning with 
hypoglossal) 


Hypoglossal eanal 


Motod 


Hypoglossal nerve 


Lingual braneh of 
trigeminal nerve 



Motor to intrinsie and 
extrinsictongue muscles 
(styloglossus, hypoglossus, 
genioglossus) and throat 
muscles (thyrohyoid and 
geniohyoid) 

Proprioeeptive from those 
muscles 


The tongue deviates toward 
the side of the damaged 
nerve when protmded 


To geniohyoid muscle 
(eervieal nerves 
mnning with 
hypoglossal) 


To tongue muscles 


To thyrohyoid muscle 
(eervieal nerves 
running with 



motor axons, which bypass the trigeminal ganglion, much as the ven- 
tral root of a spinal nerve bypasses a dorsal root ganglion. 

The maxillary and mandibular branehes are important in den- 
tistry. The maxillary nerve supplies sensory innervation to the maxil- 
lary teeth, palate, and gingiva (jin'jì-và, gum). The mandibular 
braneh supplies sensory innervation to the mandibular teeth, tongue, 
and gingiva. The various nerves innervating the teeth are referred to 
as alveolar nerves (al-vé'ò-làr, the soekets in which the teeth are 
loeated). The superior alveolar nerves to the maxillary teeth are 
derived from the maxillary braneh of the trigeminal nerve, and the 
inferior alveolar nerves to the mandibular teeth are derived from 
the mandibular braneh of the trigeminal nerve. 

Dentists injeet anesthetie to bloek sensory transmission by the 
alveolar nerves. The superior alveolar nerves are not usually anesthe- 
tized direetly because they are difficult to approaeh with a needle. For 
this reason, the maxillary teeth are usually anesthetized loeally by 
inserting the needle beneath the oral mucosa surrounding the teeth. 
The inferior alveolar nerve probably is anesthetized more often than 
any other nerve in the body. To anesthetize this nerve, the dentist 
inserts the needle somewhat posterior to the patient’s last molar and 
extends the needle near where the mandibular braneh of the trigeminal 
nerve enters the mandibular foramen. 

Several nondental nerves are usually anesthetized during an 
inferior alveolar bloek. The mental nerve, which supplies cutaneous 
innervation to the anterior lip and ehin, is a distal braneh of the 
inferior alveolar nerve. When the inferior alveolar nerve is bloeked, 
the mental nerve is bloeked also, resulting in a numb lip and ehin. 


Nerves lying near the point where the inferior alveolar nerve enters 
the mandible often are also anesthetized during inferior alveolar 
anesthesia. For example, the lingual nerve ean be anesthetized to 
produce a numb tongue. The faeial nerve lies some distanee from the 
inferior alveolar nerve, but in rare eases anesthetie ean diffiase far 
enough posteriorly to anesthetize that nerve. The result is a tempo- 
rary faeial palsy, with the injeeted side of the faee drooping because 
of flaeeid muscles, which disappears when the anesthesia wears offi If 
the faeial nerve is cut by an improperly inserted needle, permanent 
faeial palsy may occur. 

57 Name the three branehes of the trigeminal nerve. 

58 Deseribe the nerves involved in dental anesthesia. How ean dental 
anesthesia result in a numb lip ortongue? 

Bra nstem Reflexes 

Many of the brainstem reflexes are assoeiated with eranial nerve func- 
tion. The circuitry of most of these reflexes is too complex for our dis- 
cussions. In general, these reflexes involve sensory input from the eranial 
nerves or spinal eord, as well as the motor output of the eranial nerves. 

Turning of the eyes toward a fìash of light, a sudden noise, and a 
touch on the skin are examples of brainstem reflexes. Moving the eyes 
to traek a moving objeet is another complex brainstem reflex. Some of 
the sensory neurons from eranial nerve VIII (vestibulocochlear) form 
a reflex are with neurons of eranial nerves V (trigeminal) and VII 
(faeial), which send axons to muscles of the middle ear and dampen 
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the effeets of very loud, sustained noises on delieate inner ear structures 
(see ehapter 14). Reflexes that occur during the proeess of chewing 
allow the jaws to reaet to foods of various hardness and proteet the 
teeth from breakage. Both the sensory and motor eomponents of the 
reílex are are earried by eranial nerve V (trigeminal). Reflexes involving 
input through eranial nerve V (trigeminal) and output through eranial 
nerve XII (hypoglossal) move the tongue about to position food 
between the teeth for chewing and then move the tongue out of the 
way so that it is not bitten. 

Brainstem reflexes are used to determine if the brainstem is 
functioning. Brainstem reflexes are mediated by eranial nerve sen- 
sory nuclei, eranial nerve motor nuclei, and reticular formation 
nuclei. The presenee of a reflex indieates that sensory input reaehes 
the brainstem and the nuclei are fìmetioning to produce a response. 
The absenee of a reflex is taken to indieate damage to the nuclei 
involved in the reflex. It is also assumed that, if a nucleus is not 


Siimmary 

11.1 Spinal eord (p. 300) 

General Structure 

1. The spinal eord gives rise to 31 pairs of spinal nerves. The spinal eord 
has eervieal and lumbosacral enlargements from which spinal nerves of 
the limbs originate. 

2. The spinal eord is shorter than the vertebral column. Nerves from the 
end of the spinal eord form the cauda equina. 

Meninges of the Spinal Cord 

1. Three meningeal layers surround the spinal eord. From superficial to 
deep they are the dura mater, araehnoid mater, and pia mater. 

2. The epidural spaee is between the periosteum of the vertebral eanal and 
the dura mater, the subdural spaee is between the dura mater and the 
araehnoid mater, and the subarachnoid spaee is between the araehnoid 
mater and the pia mater. 

eross Seetion of the Spinal eord 

1. The spinal eord eonsists of peripheral white matter and eentral gray 
matter. 

2. White matter is organized into columns (funiculi), which are 
subdivided into traets (fasciculi or pathways), which eonsist of 
aseending and deseending axons. 

3. Gray matter is divided into horns. 

■ The dorsal horns eontain sensory axons that synapse with 
interneurons. The ventral horns eontain the neuron eell bodies of 
somatie motor neurons, and the lateral horns eontain the neuron 
eell bodies of autonomic motor neurons. 

■ The gray and white commissures eonneet eaeh half of the spinal eord. 

4. The dorsal root eontains sensory axons, the ventral root has motor 
axons, and spinal nerves have sensory and motor axons. 

11.2 Reflexes <p. 304) 

1. Reflexes are stereotypie, unconscious, involuntary responses to stimuli. 

2. Reflexes maintain homeostasis. Two general types of reflexes are somatie 
and autonomic reflexes. 

3. A reflex are is the fimetional unit of the nervous system. 


fiinetioning, it is likely that surrounding tissue has been damaged as 
well. Different reflexes are mediated through nuclei at different lev- 
els of the brainstem. For example, the pupillary reflex, in which the 
pupil eonstriets in response to light, is mediated through the mid- 
brain; the eorneal reflex, in which touching the eornea causes the 
eyelids to blink, is mediated through the pons; and the gag reflex, in 
which touching the baek of the throat (pharynx) elieits a gag 
response, is mediated through the medulla oblongata. The brain- 
stem is eonsidered to be nonfimetional when reflexes at all levels of 
the brainstem are nonfiinetional and there is no spontaneous 
breathing, which is mediated through the medulla oblongata. 

59 Give examples of reflexes mediated through the brainstem. 

60 How are brainstem reflexes used to determine if the brainstem is 
functioning? 


■ Sensory reeeptors respond to stimuli and produce aetion potentials 
in sensory neurons. 

■ Sensory neurons propagate aetion potentials to the CNS. 

■ Interneurons in the CNS synapse with sensory neurons and with 
motor neurons. 

■ Motor neurons earry aetion potentials from the CNS to effeetor organs. 

■ Effeetor organs, such as muscles or glands, respond to the aetion 
potentials. 

4. Convergent and divergent pathways interaet with reflexes. 

3. Reflexes are integrated within the brain and spinal eord. Higher brain 
eenters ean suppress or exaggerate reflexes. 

Streteh Reflex 

Muscle spindles deteet the streteh of skeletal muscles and cause the muscle 
to shorten reflexively. 

Golgi Tendon Reflex 

Golgi tendon organs respond to inereased tension within tendons and cause 
skeletal muscles to relax. 

Withdrawal Reflex 

Aetivation of pain reeeptors causes eontraetion of muscles and the removal 
of some part of the body from a painfiil stimulus. 

11.3 Nerves (p. 309 ) 

Structure of Nerves 

Individual axons are surrounded by the endoneurium. Groups of axons, 
ealled faseieles, are bound together by the perineurium. The faseieles form 
the nerve and are held together by the epineurium. 

Spinal Nerves and Their Distribution 

1. Eight eervieal, 12 thoraeie, 3 lumbar, 5 saeral pairs, and 1 eoeeygeal 
pair make up the spinal nerves. 

2. The distribution of spinal nerves to skeletal muscles has a top-to- 
bottom pattern in which superior nerves supply superior muscles and 
inferior nerves supply inferior muscles. 

3. Spinal nerves have speeifie cutaneous distributions ealled dermatomes. 
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Spinal Nerves and Plexuses 

1. Spinal nerves braneh to form rami. 

■ The dorsal rami supply the muscles and skin near the midline of the 
baek. 

■ The ventral rami in the thoraeie region form intereostal nerves, 
which supply the thorax and upper abdomen. The remaining 
ventral rami join to form plexuses. 

■ Communicating rami supply sympathetie nerves. 

2. Axons from different levels of the spinal eord intermingle within 
plexuses and give rise to nerves that have axons from more than one 
level of the spinal eord. 

Major Spinal Nerve Plexuses 

1. The five major plexuses are the eervieal (Cl-C4), braehial (C5—Tl), 
lumbar (L1-L4), saeral (L4-S4), and eoeeygeal (S5 and eoeeygeal 
nerve). The lumbar and saeral plexuses are often eonsidered together as 
the lumbosacral plexus. 

2. A major nerve of the eervieal plexus is the phrenie nerve. 

3. The major nerves of the braehial plexus are the axillary, radial, 
musculocutaneous, ulnar, and median nerves. 

4. The major nerves of the lumbosacral plexus are the obturator, femoral, 
tibial, and eommon fibular nerves. 

■ The tibial and eommon fibular nerves are bound together in the 
thigh to form the seiatie nerve. 

■ Branehes of the tibial and eommon fibular nerves form the sural 
nerve in the leg. 

11.4 Brainep. 3i6) 

1. The brain is eontained in the eranial eavity and is the eontrol eenter for 
many of the body’s fimetions. 

2. The brain eonsists of the brainstem, cerebellum, dieneephalon, and 
eerebmm. 

11.5 Brainstem (p. 3i6) 

Mediilla Oblongata 

1. The medulla oblongata is continuous with the spinal eord and eontains 
aseending and deseending traets. 

2. Medullary nuclei regulate the heart, blood vessels, breathing, swallowing, 
vomiting, coughing, sneezing, hiccuping, balanee, and eoordination. 

3. The pyramids are traets eontrolling voluntary muscle movement. 

Pons 

1. The pons is superior to the medulla. 

2. Aseending and deseending traets pass through the pons. The pons 
eonneets the cerebrum and the cerebellum. 

3. Pontine nuclei regulate breathing, swallowing, balanee, chewing, and 
salivation. 

Midbrain 

1. The midbrain is superior to the pons. 

2. The eorpora quadrigemina eonsists of four colliculi. The two inferior 
colliculi are involved in hearing and the two superior colliculi in visual 
reflexes. 

3. The substantia nigra and red nucleus help regulate body movements. 

4. The eerebral peduncles are the major deseending motor patfivvay. 

Reticular Formation 

1. The reticular formation eonsists of nuclei seattered throughout the 
brainstem. 

2. The reticular system regulates eyelie motor fimetions, such as breathing, 
walking, and chewing. 


3. The retiarlar aetivating system, which is part of the retiarlar formation, 
maintains consciousness and regulates the sleep-wake eyele. 

11.6 Cerebellum (p. 3 i 8 ) 

1. Gray matter forms the cortex and nuclei of the cerebellum. White matter 
forms the arbor vitae, which eonneets the cerebellum to the rest of the 
CNS and eonneets the eerebellar cortex and eerebellar nuclei. 

2. The cerebellum has three parts. 

■ The flocculonodular lobe eontrols balanee and eye movements. 

■ The vermis and medial part of the lateral hemispheres eontrol 
posture, loeomotion, and fine motor eoordination. 

■ Most of the lateral hemispheres are involved with the planning, 
praetiee, and learning of complex movements. 

11.7 Dieneephalon (p. 319 ) 

The dieneephalon is loeated between the brainstem and the eerebmm. It 
eonsists of the thalamus, subthalamus, epithalamus, and hypothalamus. 

Thalamus 

1. The thalamus eonsists of two lobes eonneeted by the interthalamie 
adhesion. The thalamus fimetions as an integration eenter. 

2. All sensory input that reaehes the eerebmm, except for the sense of 
smell, synapses in the thalamus. Pain is registered in the thalamus. 

3. The thalamus interaets with other parts of the brain to eontrol motor 
aetivity. 

4. The thalamus is involved with emotions and pain pereeption. 

Subthalamus 

The subthalamus is inferior to the thalamus and is involved in motor 
fiinetion. 

Epithalarrms 

The epithalamus is superior and posterior to the thalamus and eontains the 
habenula, which influence emotions through the sense of smell. The pineal 
gland may play a role in the onset of puberty and the sleep-wake eyele. 

Hypothalamus 

1. The hypothalamus is inferior to the thalamus. 

2. The hypothalamus is a major integrating eenter for the ANS, helping 
eontrol heart rate, blood vessel diameter, urine release from the urinary 
bladder, and the movement of food through the digestive traet. 

3. The hypothalamus regulates body temperature, hunger, satiety, thirst, 
and swallowing and interaets with the reticular aetivating system. 

4. The hypothalamus regulates many endoerine fimetions (e.g., 
metabolism, reproduction, response to stress, and urine production) by 
eontrolling the pituitary gland. 

5. The hypothalamus is involved with sensations (sexual pleasure, good 
feelings, rage, and fear). 

6. The mammillary bodies are reflex eenters for olfaetion. 

11.8 eerebmm (p. 32i) 

1. The cortex of the eerebmm is folded into ridges ealled gyri and grooves 
ealled sulci, or fissures. 

2. The longimdinal fissure divides the eerebmm into left and right 
hemispheres. Eaeh hemisphere has five lobes. 

■ The frontal lobes are involved in voluntary motor fimetion, 
motivation, aggression, the sense of smell, and mood. 

■ The parietal lobes eontain the major sensory areas reeeiving sensory 
input, such as touch, pain, temperature, balanee, and taste. 

■ The oeeipital lobes eontain the visual eenters. 
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■ The temporal lobes evaluate smell and hearing input and are 
involved in memory, abstraet thought, and judgment. 

■ The insula is loeated deep within the lateral fissure and reeeives 
sensory input for the sense of taste and is involved with viseeral and 
autonomic fimetions. 

3. Gray matter forms the cortex and nuclei of the eerebmm. White 
matter forms the eerebral medulla, which eonsists of three types 
of traets. 

■ Assoeiation fibers eonneet areas of the cortex within the same 
hemisphere. 

■ Commissural fibers eonneet the eerebral hemispheres. 

■ Projeetion fibers eonneet the cerebrum to other parts of the brain 
and the spinal eord. 

Basal Nuclei 

1. Basal nuclei include the corpus striatum (caudate and lentiform nuclei), 
subthalamic nuclei, and substantia nigra. 

2. The basal nuclei are important in eontrolling motor fimetions. 

Limbie System 

1. The limbie system includes parts of the eerebral cortex, basal nuclei, the 
thalamus, the hypothalamus, and the olfaetory cortex. 

2. The limbie system is involved in memory, reproduction, and nutrition. 
It is involved in the emotional interpretation of sensory input and 
emotions in general. 

11.9 Meninges, ventrieles, and 

eerebrospinal Fluid <p. 324 ) 

Meninges 

1. The brain and spinal eord are eovered by the dura, araehnoid, and pia 
mater. 

2. The dura mater attaehes to the skull and has two layers that ean 
separate to form dural folds and dural venous sinuses. 

3. Beneath the araehnoid mater the subarachnoid spaee eontains CSF that 
helps cushion the brain. 

4. The pia mater attaehes direetly to the brain. 

ventrieles 

1. The lateral ventrieles in the cerebrum are eonneeted to the third 
ventriele in the dieneephalon by the interventricular foramina. 


2. The third ventriele is eonneeted to the fourth ventriele in the pons by 
the eerebral aqueduct. The eentral eanal of the spinal eord is eonneeted 
to the fourth ventriele. 

3. The fourth ventriele is eonneeted to the subarachnoid spaee by the 
median and lateral apertures. 

eerebrospinal Fluid 

1. CSF is produced from the blood in the ehoroid plexus of eaeh ventriele 
by ependymal eells. CSF moves from the lateral to the third and then 
to the fourth ventriele. 

2. From the fourth ventriele, CSF enters the subarachnoid spaee through 
three apermres. 

3. CSF leaves the subarachnoid spaee through araehnoid granulations and 
returns to the blood in the dural venous sinuses. 

11.10 Blood Supply to the Brain <p. 329) 

1. The brain requires tremendous amounts of blood to fimetion normally. 

2. The blood—brain barrier is formed by the endothelial eells of the 
eapillaries in the brain. It limits what substances enter brain tissue. 

11.11 eranial Nerves <p. 329) 

Names and Fimetions 

1. Cranial nerves are designated by Roman numerals (I-XII) or speeifie 
names. 

2. The two types of general fimetions are sensory and motor. Sensory 
includes speeial senses and general senses. Motor includes somatie 
motor and parasympathetie. 

Trigeminal Nerve and Dental Anesthesia 

1. The trigeminal nerve (V) has three branehes—ophthalmie, maxillary, 
and mandibular. 

2. The superior alveolar nerve (braneh of the maxillary) and the inferior 
alveolar nerve (braneh of the mandibular) are used for dental 
anesthesia. 

Brainstem Reflexes 

1. Many reflexes are mediated through the brainstem. 

2. The brainstem is eonsidered to be nonfimetional when reflexes at all 
levels of the brainstem are nonfimetional and there is no spontaneous 
breathing, which is mediated through the medulla oblongata. 



11.1 Spinal eord <p. 300) 

1. The spinal eord extends from the 

a. medulla oblongata to the coccyx. 

b. level of the third eervieal vertebra to the coccyx. 
e. level of the axis to the lowest lumbar vertebra. 

d. level of the foramen magnum to level Ll—L2 of the 
vertebral column. 

e. axis to the saeral hiatus. 

2. Axons of sensory neurons synapse with the eell bodies of interneurons 

in the_of spinal eord gray matter. 

a. anterior horn d. gray commissure 

b. lateral horn e. lateral funiculi 

e. posterior horn 


3. Cell bodies for spinal sensory neurons are loeated in the 

a. anterior horn of spinal eord gray matter. 

b. lateral horn of spinal eord gray matter. 

e. posterior horn of spinal eord gray matter. 

d. dorsal root ganglia. 

e. posterior columns. 
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11.2 Reflexes (p.304) 

4. Given these eomponents of a reflex are: 

1. effeetor organ 

2. interneuron 

3. motor neuron 

4. sensory neuron 

3. sensory reeeptor 

Choose the eorreet order an aetion potential follows after a sensory 
reeeptor is stimulated. 

a. 5,4,3,2,1 

b. 3,4,2,3,1 

e. 5,3,4,1,2 

d. 5,2,4,3,1 

e. 5,3,2,1,4 

5. A reflex response aeeompanied by the conscious sensation of pain is 
possible because of 

a. eonvergent pathways. 

b. divergent pathways. 

e. a reflex are that eontains only one neuron. 

d. sensory pereeption in the spinal eord. 

6. Several of the events that occurred between the time that a physieian 
struck a patienfls patellar tendon with a rnbber hammer and the time 
the quadriceps femoris eontraeted (knee-jerk reflex) are listed below: 

1. inereased frequency of aetion potentials in sensory neurons 

2. streteh of the muscle spindles 

3. inereased frequency of aetion potentials in the motor neurons 

4. streteh of the quadriceps femoris 

5. eontraetion of the quadriceps femoris 

Which of these lists most elosely deseribes the sequence of events as 
they normally occur? 

a. 4,1,2,3,5 

b. 4,1,3,2,5 

e. 1,4,3,2,5 

d. 4,2,1,3,5 

e. 4,2,3,1,5 

11.3 Nerves (p. 309 ) 

7. Which of these is a eorreet count of the spinal nerves? 

a. 9 eervieal, 12 thoraeie, 5 lumbar, 5 saeral, 1 eoeeygeal 

b. 8 eervieal, 12 thoraeie, 5 lumbar, 5 saeral, 1 eoeeygeal 

e. 7 eervieal, 12 thoraeie, 5 lumbar, 5 saeral, 1 eoeeygeal 

d. 8 eervieal, 11 thoraeie, 4 lumbar, 6 saeral, 1 eoeeygeal 

e. 7 eervieal, 11 thoraeie, 5 lumbar, 6 saeral, 1 eoeeygeal 

8. Given these structures: 

1. dorsal ramus 

2. dorsal root 

3. plexus 

4. ventral ramus 

5. ventral root 

Choose the arrangement that lists the structures in the order that an 
aetion potential passes through them, given that the aetion potential 
originates in the spinal eord and propagates to a peripheral nerve. 

a. 2,1,3 

b. 2,3,1 
e. 3,4,5 

d. 5,3,4 

e. 5,4,3 


9. Damage to the dorsal ramus of a spinal nerve results in 

a. loss of sensation. 

b. loss of motor flmetion. 
e. both a and b. 

10. A dermatome 

a. is the area of skin supplied by a pair of spinal nerves. 

b. exists for eaeh spinal nerve except Cl. 

e. ean be used to loeate the site of spinal eord or nerve root damage. 

d. all of the above. 

11. A eolleetion of spinal nerves that join together after leaving the spinal 
eord is ealled a 

a. ganglion. 

b. nucleus. 

e. projeetion nerve. 

d. plexus. 

12. Which of these nerves arises from the eervieal plexus? 

a. median d. obturator 

b. musculocutaneous e. ulnar 

e. phrenie 

13. The seiatie nerve is actually two nerves eombined within the same 
sheath. The two nerves are the 

a. femoral and obturator. 

b. femoral and gluteal. 

e. eommon fibular (peroneal) and tibial. 

d. eommon fibular (peroneal) and obturator. 

e. tibial and gluteal. 

11.4 Brain (p. 310 ) 

14. If a seetion is made that separates the brainstem from the rest of the 
brain, the cut is between the 

a. medulla oblongata and pons. 

b. pons and midbrain. 

e. midbrain and dieneephalon. 

d. thalamus and eerebmm. 

e. medulla oblongata and spinal eord. 

11.5 Brainstem <p.3ió) 

15. Important eenters for heart rate, blood pressure, breathing, swallowing, 
coughing, and vomiting are loeated in the 

a. eerebmm. 

b. medulla oblongata. 
e. midbrain. 

d. pons. 

e. eerebelhim. 

16. In which of these parts of the brain does decussation of deseending 
traets involved in the conscious eontrol of skeletal muscles occur? 

a. eerebmm 

b. dieneephalon 
e. midbrain 

d. pons 

e. medulla oblongata 

17. Important respiratory eenters are loeated in the 

a. eerebmm. 

b. cerebellum. 

e. pons and medulla oblongata. 

d. midbrain. 

e. limbie system. 
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18. The eerebral peduncles are a major deseending motor pathway found 
in the 

a. eerebmm. 

b. cerebellum. 
e. pons. 

d. midbrain. 

e. medulla oblongata. 

19. The superior colliculi are involved in_, whereas the 

inferior colliculi are involved in_.. 

a. hearing, visual reflexes 

b. visual reflexes, hearing 

e. balanee, motor pathways 

d. motor pathways, balanee 

e. respiration, sleep 

11.6 Cerebellum (p. 3is) 

20. The cerebellum communicates with other regions of the CNS through the 

a. flocculonodular lobe. 

b. eerebellar peduncles. 
e. vermis. 

d. lateral hemispheres. 

e. folia. 

11.7 Dieneephalon (p.319) 

21. The major relay station for sensory input that projeets to the eerebral 
cortex is the 

a. hypothalamus. 

b. thalamus. 
e. pons. 

d. cerebellum. 

e. midbrain. 

22. Which part of the brain is involved with olfaetory reflexes and 
emotional responses to odors? 

a. inferior colliculi 

b. superior colliculi 

e. mammillary bodies 

d. pineal gland 

e. pituitary gland 

23. Which of the following is a flmetion of the hypothalamus? 

a. regulates autonomic nervous system flmetions 

b. regulates the release of hormones from the posterior pituitary 
e. regulates body temperature 

d. regulates food intake (hunger) and water intake (thirst) 

e. all of the above. 

11.8 eerebmm (p. 321) 

24. Which of these eerebral lobes is important in voluntary motor 
flmetion, motivation, aggression, sense of smell, and mood? 

a. frontal e. oeeipital e. temporal 

b. insula d. parietal 

23. Fibers that eonneet areas of the eerebral cortex within the same 
hemisphere are 

a. projeetion fibers. 

b. commissural fibers. 
e. assoeiation fibers. 
d. all of the above. 


26. The basal nuclei are loeated in the 

a. inferior eerebmm. 

b. dieneephalon. 
e. midbrain. 

d. all of the above. 

11.9 Mennges, ventrieles, and 
eerebrospinal Fluid (p. 324) 

27. The most superficial of the meninges is a thiek, tough membrane 
ealled the 

a. pia mater. 

b. dura mater. 

e. araehnoid mater. 

d. epidural mater. 

28. Cerebrospinal fluid is produced by the_, eirorlates 

through the ventrieles, and enters the subarachnoid spaee. The 
eerebrospinal fluid leaves the subarachnoid spaee through the 

a. ehoroid plexuses, araehnoid granulations 

b. araehnoid granulations, ehoroid plexuses 

e. dural venous sinuses, dura mater 

d. dura mater, dural venous sinuses 

11.10 Blood Supply to the Brain (p. 329) 

29. Which of the following statements is true? 

a. The brain requires eonstant delivery of glucose and oxygen to 
flmetion. 

b. The foot proeesses of astroeytes surround eapillaries in the brain. 

e. Tight junctions between eapillary epithelial eells form the blood- 
brain barrier. 

d. Glucose passes through eapillary epithelial eells by mediated 
transport. 

e. all of the above. 

11.11 eran al Nerves <p. 329) 

30. The eranial nerve involved in chewing food is the 

a. troehlear (IV). 

b. trigeminal (V). 
e. abducent (VI). 

d. faeial (VII). 

e. vestibulocochlear (VIII). 

31. The eranial nerve involved in moving the tongue is the 

a. trigeminal (V). 

b. faeial (VII). 

e. glossopharyngeal (IX). 

d. aeeessory (XI). 

e. hypoglossal (XII). 

32. The eranial nerve involved in feeling a toothaehe is the 

a. troehlear (IV). 

b. trigeminal (V). 
e. abducent (VI). 

d. faeial (VII). 

e. vestibulocochlear (VIII). 
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33. From this list of eranial nerves: 

1. optie (II) 

2. oculomotor (III) 

3. troehlear (IV) 

4. trigeminal (V) 

3. abducent (VI) 

Seleet the nerves that are involved in moving the eyes. 

a. 1,2,3 b. 1,2,4 e. 2,3,4 d. 2,4,3 e. 2,3,5 

34. From this list of eranial nerves: 

1. trigeminal (V) 

2. faeial (VII) 

3. glossopharyngeal (IX) 

4. vagus (X) 

5. hypoglossal (XII) 

Seleet the nerves that innervate the salivary glands. 

a. 1,2 b. 2,3 e. 3,4 d. 4,5 e. 3,5 


eritieal Thinking 

1. During a spinal tap of a patient, blood is diseovered in the CSF. What 
does this finding suggest? 

2. A patient loses all sense of feeling in the left side of the baek, below the 
upper limb, and extending in a band around to the ehest, as well as 
below the upper limb. All sensation on the right is normal. The line 
between normal and absent sensation is the anterior and posterior 
midline. Explain this eondition. 

3. A eaneer patient has his left lung removed. To reduce the spaee 
remaining where the lung is removed, the diaphragm on the left side is 
paralyzed to allow the abdominal viseera to push the diaphragm 
upward. What nerve is cut? Where is a good plaee to cut it, and when 
would the surgery be done? 

4. Based on sensory response to pain in the skin of the hand, how could 
you distinguish between damage to the ulnar, median, and radial 
nerves? 

5. During a difficult delivery, the babys arm was delivered first. The 
attending physieian grasped the arm and foreefiilly pulled it. Later a 
nurse observed that the baby could not abduct or adduct the medial 
four fingers, and flexion of the wrist was impaired. What nerve was 
damaged? 

6. Two patients are admitted to the hospital. Aeeording to their eharts, 
both have herniated disks that are plaeing pressure on the roots of the 


35. From this list of eranial nerves: 

1. oculomotor (III) 

2. trigeminal (V) 

3. faeial (VII) 

4. vestibulocochlear (VIII) 

5. glossopharyngeal (IX) 

6. vagus (X) 

Seleet the nerves that are part of the parasympathetie division of the 


ANS. 

a. 

1,2,4,5 

b. 

1,3,5,6 

e. 

1,4,5,6 

d. 

2,3,4,5 

e. 

2,3,5,6 


Answers in Appendix E 


seiatie nerve. One patient has pain in the buttocks and the posterior 
aspeet of the thigh. The other patient experiences pain in the posterior 
and lateral aspeets of the leg and the lateral part of the ankle and foot. 
Explain how the same eondition, a herniated disk, could produce such 
different symptoms. 

7. In an automobile aeeident, a woman suffers a crushing hip injury. For 
eaeh of the following eonditions, state what nerve is damaged. 

a. Unable to adduct the thigh 

b. Unable to extend the knee 
e. Unable to flex the knee 

d. Loss of sensation from the skin of the anterior thigh 

e. Loss of sensation from the skin of the medial thigh 

8. A patient exhibits enlargement of the lateral and third ventrieles, but 
no enlargement of the ffmrth ventriele. What do you conclude? 

9. Deseribe a elinieal test to evaluate the fimetioning of eaeh of the 12 
eranial nerves. 

10. A baseball player was aeeidentally hit with a baseball, which strnek him 
on the bridge of his nose. He suffered fractures of several faeial bones as 
a result. Soon after sustaining the injury, he notieed he had lost his 
sense of smell. Explain how this probably happened. 

Answers in Appendix F 
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Integration of sensory and motor functions enables us to pereeive 
and respond to stimuli. 


12.1 Sensation 344 

1. Defìne sensotion and deseribe the elassifìeation of the senses. 

2. Deseribe the sensory reeeptors, major sensory nerve traets, and 
sensory areas of the eerebral cortex. 

3. Starting with the stirrmlation of a sensory reeeptor, deseribe the 
events resulting in conscious awareness and interpretation of the 
stimulus. 
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12.2 eontrol of Skeletal Muscles 352 

4. Defìne upper motor neuron and \ower motor neuron. 

5. Deseribe the motor areas of the eerebral cortex and the major 
motor nerve traets. 

6. Explain how the basal nuclei and cerebellum modify motor aetivity 

7. Starting with the intention to move a body part, deseribe the 
events resulting in the stimulation of skeletal muscles. 


12.3 Other Brain Functions 358 

8. Deseribe and explain the pathways for speeeh. 

9. Give examples of the unequal sharing of complex functions 
between eerebral hemispheres. 

10. Deseribe the basie brain waves, and eorrelate them with brain 
function. 

11. Explain how sensory, short-term, and long-term memory work. 

12.4 Effeets of Aging on the Nervous System 362 

12. Discuss the age-related ehanges that occur in the nervous system 
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lntroduction 

he nervous system is involved in almost all bodily func- 
tions. Although humans have larger, more complex brains 
than other animals, most human nervous system func- 
tions are similar to those of other animals. The sensory input we 
reeeive and most of the ways we respond to that input are similar 
to that in other animals, yet the human brain is eapable of 
unique and complex functions, such as reeording history, rea- 
soning, and planning, to a degree unparalleled in the animal 
kingdom. Many of these functions ean be studied only in 
humans. That is why much of human brain function remains 
elusive and is one of the most ehallenging frontiers of anatomy 
and physiology. 


12.1 Sensation 

Sensation, or pereeption, is the conscious awareness of stimuli 
reeeived by sensory reeeptors. The brain eonstantly reeeives aetion 
potentials from a wide variety of sensory reeeptors both inside and 
outside the body. Sensory reeeptors respond to stimuli by generating 
aetion potentials that are propagated along nerves to the spinal eord 
and brain. Most sensations result when aetion potentials reaeh the 
eerebral cortex. Some other parts of the brain are involved in sensa- 
tion. For example, the thalamus and amygdala are involved in the 
sensation of pain. 

We are not consciously aware of much of the sensory information 
reaehing the brain. For example, homeostasis is maintained by the 
unconscious monitoring and regulation of variables such as blood pres- 


sure, blood oxygen, and pFi levels. Much of the information about 
body position and eontrol of movements occurs at an unconscious 
level. In addition, we have seleetive awareness. We are more aware of 
sensations on which we focus our attention than on other sensations. 
If we were aware of all the sensory information that arrived at the 
eerebral cortex, we would probably not be able to fìmetion. 

Even though sensory reeeptors are stimulated, we may not be 
aware of the stimulation because of aeeommodation, or adaptation, 
a deereased sensitivity to a continued stimulus. After exposure to a 
stimulus for a time, the response of some reeeptors or sensory path- 
ways to a eertain stimulus strength lessens from that which occurred 
when the stimulus was first applied. For example, when a person 
first gets dressed, taetile reeeptors and pathways relay information to 
the brain, resulting in awareness of elothes touching the skin. After 
a time, the aetion potentials from the skin deerease, and the elothes 
are ignored. 

Sense is the ability to pereeive stimuli. The senses are the means 
by which the brain reeeives information about the environment and 
the body. Fiistorieally, five senses were reeognized: smell, taste, sight, 
hearing, and touch. Today, the senses are divided into two basie 
groups: general and speeial senses (figure 12.1). The general senses 
are those with reeeptors distributed over a large part of the body. 
They are divided into two groups: the somatie and the viseeral senses. 
The somatie senses, which provide sensory information about the 
body and the environment, include touch, pressure, iteh, vibration, 
proprioeeption, temperature, and pain. The viseeral senses, which 
provide information about various internal organs, eonsist primarily 
of pain and pressure. 

The speeial senses are more speeialized in structure, have spe- 
eialized nerve endings, and are loealized to speeifie organs. The spe- 
eial senses are smell, taste, sight, hearing, and balanee. Chapter 13 
eonsiders the speeial senses in detail. 



SENSES 
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Figure 12.1 eiassifieation of the Senses 
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Sensation requires the following steps: 

1. Stimuli originating either inside or outside the body are 
deteeted by sensory reeeptors and aetion potentials are 
produced, which are propagated to the CNS by nerves 
(see “Sensory Reeeptors,” next seetion). 

2. Within the CNS, traets conduct aetion potentials to the 
eerebral cortex and to other areas of the CNS (see “Sensory 

Traets,” p. 346). 

3. Many aetion potentials reaehing the eerebral cortex are ignored. 
Others are translated so the person beeomes aware of the 
stimulus (see “Sensory Areas of the Cerebral Cortex,” p. 349). 

1 Define sensation and aeeommodation. 

2 Define and give examples of general (somatie and viseeral) and 
speeial senses. 

Sensory Reeeptors 

Reeeptors are sensory nerve endings or speeialized eells eapable of 
responding to stimuli by developing aetion potentials. There are several 
types of reeeptors assoeiated with both the speeial and general senses, 
eaeh responding to a different type of stimulus. Meehanoreeeptors 
(mek'à-nò-ré-sep'tórz) respond to meehanieal stimuli, such as the 
eompression, bending, or stretehing of reeeptors; ehemoreeeptors 
(kem'ò-ré-sep'tórz) respond to ehemieals, such as odor molecules; 
photoreeeptors (fò'tò-ré-sep'tórz) respond to light; thermoreeeptors 
(ther'mò- ré-sep'tórz) respond to temperamre ehanges; and noeieep- 
tors (nò'si-sep'tórs, noeeo , to injure), or pain reeeptors, respond to 
painful meehanieal, ehemieal, and thermal stimuli. 

Many of the reeeptors for the general senses are assoeiated 
with the skin (figure 12.2); others are assoeiated with deeper struc- 


tures, such as tendons, ligaments, and muscles. Structurally, the 
simplest and most eommon type of reeeptor nerve endings are free 
nerve endings, which are relatively unspecialized neuronal 
branehes similar to dendrites. Free nerve endings are distributed 
throughout most parts of the body. Some free nerve endings 
respond to painful stimuli, some to temperature, some to iteh, and 
some to movement. 

Touch reeeptors are structurally more complex than free nerve 
endings, and many of them are enelosed by capsules (see figure 12.2). 
Merkel (mer'kél) disks, or taetile disks, are small, superficial nerve 
endings involved in deteeting light touch and superficial pressure. 
Hair folliele reeeptors, assoeiated with hairs, are involved in deteet- 
ing light touch when the hair is bent. Light touch reeeptors are very 
sensitive but are not very diseriminative, meaning that the point 
being touched eannot be preeisely loeated. Reeeptors for two-point 
diserimination are ealled Meissner (mls'ner) corpuscles, or taetile 
corpuscles. They are loeated just deep to the epidermis and are very 
speeifie in loealizing taetile sensations. Deeper taetile reeeptors, 
ealled Ruffini (ru-fé'né) end organs, play an important role in 
deteeting continuous pressure in the skin. The deepest reeeptors in 
the dermis or subcutaneous tissue are ealled Paeini (pa-sin'é) eor- 
puscles, or lamellated corpuscles. These reeeptors relay information 
eoneerning deep pressure and vibration. 

Two-point diserimination, or fine touch, is the ability to 
deteet simultaneous stimulation at two points on the skin. This sen- 
sation is important in evaluating the texture of objeets. The distanee 
between two points that a person ean deteet as separate points of 
stimulation differs for various regions of the body. Our fingertips, 
lips, and tongue have very good two-point diserimination because 
Meissner corpuscles are numerous and elose together in these 
loeations. Other parts of the body, such as the baek, have fewer and 
more widely separated Meissner corpuscles and are less sensitive. 


Free nerve endings 
(respond to painful 
stimuli, temperature, 
iteh, joint movement, 
and proprioeeption) 

Merkel disks 
(deteet light touch and 
superficial pressure) 


Hair folliele reeeptor 
(deteets light touch and 
slight bending of the hair) 



Hair 


Figlire 12.2 Sensory Nerve Endings in the Skin 
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Proprioeeption (prò-pré-ò-sep'shun, pereeption of position) is 
the awareness of body position and movements. Proprioeeption 
provides information about the preeise position and the rate of move- 
ment of various body parts, the weight of an objeet being held in the 
hand, and the range of movement of a joint. This information is 
involved in aetivities such as walking, elimbing stairs, shooting a basket- 
ball, driving a ear, eating, and writing. Although we ean be consciously 
aware of body position and movements, much of this sensory informa- 
tion is proeessed at an unconscious level by the brain and spinal eord. 
Muscle spindles, Golgi tendon organs, Paeini corpuscles, and free nerve 
endings are the major reeeptors for proprioeeption. Muscle spindles 
eonsist of 3—10 speeialized skeletal muscle fibers. They are loeated in 
skeletal muscles and provide information about muscle length (see 
“Streteh Reflex,” ehapter 11). Golgi tendon organs are nerve endings 
assoeiated with the fibers of a tendon near the junction between the 
muscle and tendon. They monitor the tension in tendons (see “Golgi 
Tendon Reflex,” ehapter 11). Paeini, or lamellated, corpuscles are eom- 
plex reeeptors that resemble an onion (see figure 12.2). Paeini corpus- 
eles in joints provide information about joint positions. 

3 List five types of reeeptors based on the type of stimulus to vvhieh 
they respond. 

4 List six types of reeeptors based on their structure and the sensations 
they deteet. 

5 Define two-pointdiserimination and proprioeeption. Which reeeptors 
are responsible for them? 


Sensory Traets 

The spinal eord and brainstem eontain a number of sensory path- 
ways that transmit aetion potentials from the periphery to various 
parts of the brain (table 12.1 and figure 12.3). Eaeh pathway is 
involved with speeifie modalities, or types of sensory information. 
The neurons that make up eaeh pathway are assoeiated with speeifie 
types of sensory reeeptors. For example, thermoreeeptors loeated in 
the skin generate aetion potentials that are propagated along the 


Table 12.1 


Aseend ng Spinal Pathvvays 


Pathway 

Information 

Transmitted 

Anterolateral system 


Spinothalamie 

Pain, temperature, light touch, 
pressure, tiekle, and iteh 

Spinoreticular 

Pain 

Spinomeseneephalie 

Pain and touch 

Dorsal column/ 
medial lemniseal 
system 

Tvvo-point diserimination, 
proprioeeption, pressure, 
and vibration 

Trigeminothalamie 

Pain, temperature, light touch, 
pressure, tiekle, iteh, tvvo-point 
diserimination, proprioeeption, 
pressure, and vibration 

Spinoeerebellar 

Proprioeeption 


Posterior 


Dorsal column 
traets 


Spinoeerebellar 

traets 


Anterolateral system 
Spinothalamie 
Spinoreticular 
Spinomeseneephalie 



Anterior 


Figlire 12.3 Aseending Pathways of the Spinal eord at 

the eervieal Level 

Aseending pathvvays are labeled on the left side of the figure only (blue), 
although they exist on both sides. 


sensory pathway for pain and temperature, whereas Golgi tendon 
organs loeated in tendons generate aetion potentials that are propa- 
gated along sensory pathways involved with proprioeeption. 

The names of many aseending pathways, or traets, in the CNS 
indieate their origin and termination. Eaeh pathway usually is given 
a eomposite name in which the first half of the word indieates its 
origin and the seeond half indieates its termination. Aseending path- 
ways therefore usually begin with the prefix spino -, indieating that 
they originate in the spinal eord. For example, a spinoeerebellar 
(spl'nò-ser-e-bel'ar) traet is one that originates in the spinal eord and 
terminates in the cerebellum. 

The names of some pathways indieate their loeation in the spinal 
eord. An example of loeation nomenclature is the dorsal column/ 
medial lemniseal system, whose name is a eombination of the path- 
way names in the spinal eord and brainstem. The fimetions of 
aseending traets, however, are not suggested by their names. 

The two major aseending systems involved in the conscious 
pereeption of external stimuli are the anterolateral system and the 
dorsal column/medial lemniseal system. There are other pathways 
earrying sensory input of which we are not consciously aware. 

Anterolateral System 

The anterolateral system eonveys cutaneous sensory information to 
the brain. It includes the spinothalamie, spinoreticular, and spinomes- 
eneephalie traets. The spinothalamie traets projeet to the thalamus, 
the sensory relay eenter of the brain (see ehapter 11). Axons from the 
thalamus eonneet to the somatie sensory cortex, the part of the eere- 
bral cortex where sensations are pereeived (see “Sensory Areas of the 
Cerebral Cortex,” p. 349). Thus, the spinothalamie traets eonvey 
sensory information of which we are consciously aware, speeifieally 
pain and temperature information, as well as light touch and pressure 
and tiekle and iteh sensations. The spinoreticular traets projeet to 
the reticular formation and the spinomeseneephalie traets projeet to 
the midbrain. They eonvey sensory information from pain and touch 
reeeptors of which we are not consciously aware. 
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The spinothalamie traets are formed by three named neurons 
(figure 12.4). The primary neuron eell bodies of the spinothalamie 
traet are in the dorsal root ganglia. The primary neurons relay sensory 
input from the periphery to the posterior horn of the spinal eord, 
where they synapse with interneurons. The interneurons, which are 
not speeifieally named in the three-neuron sequence, synapse with 
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Figure 12.4 Spinothalamie Traet of the Anterolateral 

System 

The spinothalamie traet transmits aetion potentials (orange arrow) for pain and 
temperature. Primary neurons enter the spinal eord and synapse with 
interneurons that synapse with seeondary neurons.The seeondary neurons 
eross to the opposite side of the spinal eord, aseend to the thalamus, and 
synapse with tertiary neurons.The tertiary neurons eonneet to the somatie 
sensory cortex. Lines on the inset indieate levels of seetion. 


seeondary neurons. Axons from the seeondary neurons eross to the 
opposite side of the spinal eord through the anterior portion of the 
gray and white commissures and enter the spinothalamie traet, 
where they aseend to the thalamus. The seeondary neurons synapse 
with tertiary neurons in the thalamus. Tertiary neurons from the 
thalamus projeet to the somatie sensory cortex. 

Sensory input transmitted by the anterolateral system that 
originates on one side of the body is pereeived by the brain on the 
opposite side of the body because the seeondary neurons eross over 
in the spinal eord. The term eontralateral means relating to the oppo- 
site side. Eaeh half of the eerebmm eontrols the eontralateral body, 
and traets on the opposite side of the body from their point of origin 
are said to be eontralateral. 


Prediet 



As a result of an injury that intermpts the spinothalamie traet of the anterolateral 
system on the left side of the spinal eord, what sensations would be lost below 
the level of the injury and from which side of the body would they be lost? 


Syringomyelia 

Syringomyelia (sì-ring'gó-mT-é'lè-à) is a degenerative eavitation 
of the eentral eanal of the spinal eord, often caused by a eord tumor. 
Symptoms include neuralgia (pain along the course of the nerve), 
paresthesia (abnormal sensations, burning, tingling, inereased sensi- 
tivity to pain), speeifìe loss of pain and temperature sensation, and 
paresis (partial paralysis). This defeet is unusual in that it occurs in a 
distinet band that includes both sides of the body. Inferior to this 
band, sensations and motor functions are normal. 

The defeet causing syringomyelia occurs where the axons of 
seeondary neurons of the anterolateral system eross over in the een- 
ter of the spinal eord in commissural traets.There is damage to eross- 
ing axons from both sides of the eord. As a result, there is loss of pain 
and temperature sensation on both sides of the body in a segment 
at the level of the eord damage. The loss of function is only at the 
level of damage to the eord. There is no loss of function below the 
level of the damage because the damage does not affeet the aseend- 
ing traets in the anterolateral part of the eord. 


Dorsal Column/Medial Lemniseal System 

The dorsal column/medial lemniseal (lem-nis'kàl) system earries 
the sensations of two-point diserimination, proprioeeption, pressure, 
and vibration. This system is named for the dorsal column of the 
spinal eord and the medial lemniscus, which is the continuation of 
the dorsal column in the brainstem. The term lemniscus means rib- 
bon and refers to the thin, ribbonlike appearanee of the pathway as 
it passes through the brainstem. 

Primary neurons of the dorsal column/medial lemniseal system are 
loeated in the dorsal root ganglia (figure 12.5). Axons of the primary 
neurons of the dorsal column/medial lemniseal system enter the spinal 
eord and aseend the spinal eord on the same side of the spinal eord on 
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Figlire 12.5 Dorsal Column/Medial Lemniseal System 

The dorsal column/medial lemniseal system transmits aetion potentials (orange 
arrow) for two-point diserimination, proprioeeption, pressure, and vibration. 
Primary neurons enter the spinal eord, aseend ipsilaterally, and synapse with 
seeondary neurons in the medulla oblongata.The seeondary neurons eross to 
the opposite side of the spinal eord, aseend to the thalamus, and synapse with 
tertiary neurons.The tertiary neurons eonneet to the somatie sensory cortex. 
Lines on the inset indieate levels of seetion. 


Sensory input transmitted by the dorsal column/medial lemnis- 
eal system that originates on one side of the body is pereeived by the 
brain on the opposite side of the body because the seeondary neurons 
eross over in the medulla oblongata. 


Prediet 



Two people, Bill and Mary, were involved in an aeeident and eaeh experienced 
a loss of two-point diserimination, proprioeeption, and vibration on the right 
side of the body below the waist. It was determined that Bill had damage to his 
spinal eord as a result of the aeeident and that Mary had damage to her pons. 
Explain which side of the spinal eord was damaged in Bill and which side of the 
pons was damaged in Mary. 


Trigeminothalamie Traet 

As the fibers of the spinothalamie traets pass through the brainstem, 
they are joined by fibers of the trigeminothalamie traet. The trigem- 
inothalamie traet is made up primarily of afferent fibers from the tri- 
geminal nerve. This traet earries the same sensory information as the 
spinothalamie traets and dorsal column/medial lemniseal system but 
from the faee, nasal eavity, and oral eavity, including the teeth. The 
trigeminothalamie traet is similar to the spinothalamie traets and dor- 
sal column/medial lemniseal system in that primary neurons from one 
side of the faee synapse with seeondary neurons, which eross to the 
opposite side of the brainstem. The seeondary neurons synapse with 
tertiary neurons in the thalamus. Tertiary neurons from the thalamus 
projeet to the somatie sensory cortex. 

Proprioeeption Traets 

The dorsal column/medial lemniseal system, the spinoeerebellar traets, 
and other traets earry proprioeeptive information to the brain. 
Proprioeeptive input that reaehes the cerebrum through the dorsal eol- 
umn/medial lemniseal system results in conscious proprioeeption, 
whereas input reaehing the cerebellum results in unconscious proprio- 
eeption. The cerebellum uses the proprioeeptive information to eompare 
actual movements with intended movements (see a Cerebellum,” p. 357). 

The spinoeerebellar traets projeet to the cerebellum by various 
routes, but in all eases proprioeeptive input originating on one side 
of the body projeets to the ipsilateral cerebellum. The spinoeerebellar 
traets provide unconscious proprioeeptive input to the cerebellum 
from the lower limbs and trunk inferior to the midthorax. The dorsal 
column/medial lemniseal system reeeives proprioeeptive input from 
the entire body, except for areas of the head supplied by the trigem- 
inothalamie traet. Proprioeeptive information earried by axons in the 
dorsal column and the trigeminothalamie traet ean projeet to the 
eontralateral eerebmm, resulting in conscious proprioeeption, or to 
the ipsilateral cerebellum, resulting in unconscious proprioeeption. 


which they enter. The term ipsilateral means relating to the same side. 
Traets on the same side of the body as their point of origin are said to 
be ipsilateral. The primary neurons synapse with seeondary neurons 
loeated in the medulla oblongata. Axons from seeondary neurons eross 
to the opposite side of the medulla oblongata through the decussations 
of the medial lemniscus and aseend through the medial lemniscus to 
synapse with tertiary neurons in the thalamus. Tertiary neurons from 
the thalamus projeet to the somatie sensory cortex. 


6 What sensory information is earried by the anterolateral and dorsal 
column/medial lemniseal systems? Deseribe where the neurons of 
these systems synapse and eross over from one side of the body to 
the opposite side. 

7 What are the functions of the trigeminothalamie traets? 

8 Explain how the spinoeerebellar traets and the dorsal column/medial 
lemniseal system are involved with unconscious and conscious 
proprioeeption. 
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Figlire 12.6 Functional Regions of the Lateral Side of the 
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Sensory Areas of the eerebral Cortex 

Figure 12.6 depiets a lateral view of the left eerebral cortex with some 
of its functional areas labeled. Sensory pathways projeet to speeifie 
regions of the eerebral cortex, ealled primary sensory areas. The 
terms area and cortex are often used interehangeably for the same 
fianetional region of the eerebral cortex. The primary sensory areas 
of the eerebral cortex must be intaet for conscious pereeption, loeal- 
ization, and identifieation of a stimulus. 

The primary visual cortex for seeing is loeated in the oeeipital 
lobe, and the primary auditory cortex for hearing is loeated in the 
temporal lobe (see figure 12.6). The olfaetory cortex for smell is 
on the inferior, medial surface of the temporal lobe (not shown in 
figure 12.6). The adjaeent amygdala (see figure 11.23) also reeeives 
olfaetory input. The gustatory cortex for taste is loeated in the 
insula and adjaeent frontal cortex (not shown in figure 12.6). 

The eentral sulcus separates the frontal and parietal lobes of the 
brain (see figure 11.21). The gyrus immediately posterior to the 
eentral sulcus is the posteentral gyrus. Most of the posteentral 
gyrus is ealled the primary somatie sensory cortex, or general 
sensory area. Fibers earrying general sensory input in the anterolat- 
eral system and dorsal column/medial lemniseal system synapse in 
the thalamus, and thalamie neurons relay the information to the 
somatie sensory cortex. 

The somatie sensory cortex is organized topographieally relative 
to the general plan of the body (figure 12.7). The pattern of the 
somatie sensory cortex in eaeh hemisphere is arranged in the form of 

Figlire 12.7 Topography of the Primary Somatie 

Sensory Cortex 

Cerebral cortex seen in frontal seetion on the left side of the brain.The figure of 
the body (homunculus) depiets the nerve distributions; the size of eaeh body 
region shown indieates relative innervation.The cortex occurs on both sides of 
the brain but appears on only one side in this illustration.The inset shows the 
somatie sensory region of the left hemisphere (green). 






































350 


ehapter 12 



Reevanee 


Pain 


Pain is a sensation eharaeterized by 
a group of unpleasant and complex pereep- 
tual and emotional experiences that trigger 
autonomic, psyehologieal, and somatie 
motor responses. There are two types of 
pain sensation: (1) sharp, well-localized, 
prieking, or cutting pain resulting from rap- 
idly conducted aetion potentials earried by 
large-diameter, myelinated axons and (2) 
diffuse, burning, or aehing pain resulting 
from aetion potentials that are propagated 
more slowly by smaller, less heavily myelin- 
ated axons (see ehapter 10). 

Superficial pain sensations in the skin 
are highly loealized as a result of the sirrmlta- 
neous stimulation of the pain reeeptors of 
the anterolateral system and taetile reeep- 
tors of the dorsal column/medial lemniseal 
system. Deep, or viseeral, pain sensations 
are not highly loealized because of the 
absenee of taetile reeeptors in the deeper 
structures. Viseeral pain stimuli are normally 
pereeived as diffuse pain. 

Dorsal column/medial lemniseal system 
neurons are involved in what is ealled the 
gate-eontrol theory of pain eontrol. Primary 
neurons of the dorsal column/medial lem- 
niseal system send out eollateral branehes 
that synapse with interneurons in the poste- 
rior horn of the spinal eord. These interneu- 
rons have an inhibitory effeet (see ehapter 10) 
on seeondary neurons of the spinothalamie 
traet. Thus, pain aetion potentials travel- 
ing through the spinothalamie traet ean be 
suppressed by aetion potentials that origi- 
nate in neurons of the dorsal column/ 
medial lemniseal system. The arrangement 
may aet as a "gate"for pain aetion potentials 
transmitted in the spinothalamie traet. 
inereased aetivity in the dorsal column/ 
medial lemniseal system tends to elose the 
gate, thereby reducing pain aetion poten- 
tials transmitted in the spinothalamie traet. 
Deseending pathways from the eerebral 


cortex or other brain regions ean also regu- 
late this"gate." 

The gate-eontrol theory may explain the 
physiologieal basis for treatments that have 
been used to reduce the intensity of ehronie 
pain: eleetrie stimulation of dorsal column/ 
medial lemniseal neurons, transcutaneous 
eleetrie stimulation (applying a weak eleetrie 
stimulus to the skin), acupuncture, massage, 
and exercise.The frequency of aetion poten- 
tials that are transmitted in the dorsal 
column/medial lemniseal system is inereased 
when the skin is rubbed vigorously and 
when the limbs are moved and may explain 
why vigorously rubbing a large area around 
a source of prieking pain tends to reduce the 
intensity of the painful sensation. Exercise 
normally deereases the sensation of pain, 
and exercise programs are important eom- 
ponents in the management of ehronie pain 
not assoeiated with illness. Aetion potentials 
initiated by acupuncture procedures may aet 
through a gating meehanism in which the 
inhibition of aetion potentials in neurons 
that transmit pain aetion potentials upward 
in the spinal eord is influenced by aetivity in 
sensory eells that send eollateral branehes to 
the posterior horn. 

Analgesies are drugs that reversibly 
relieve pain without loss of sensation or 
consciousness. Some analgesies bloek the 
transmission of pain in the spinal eord from 
primary neurons to neurons of the aseend- 
ing pathways. Other analgesies function at 
the level of the eerebral cortex to modify 
pain pereeption. Anestheties are drugs that 
reversibly depress nerve eell function, 
resulting in loss of sensation or conscious- 
ness. Loeal anesthesia is loss of sensation in 
a part of the body aehieved by injeeting 
anestheties that bloek aetion potential 
transmission. General anesthesia is loss of 
consciousness aehieved with anestheties 
aeting on the reticular formation. 


Referred Pain 

Referred pain is a painful sensation in a 
region of the body that is not the source of the 
pain stimulus. Most eommonly, referred pain 
is sensed in the skin or other superfìcial struc- 
tures when internal organs are damaged or 
inflamed (fìgure A).This occurs because sen- 
sory neurons from the superfìcial area to 
which the pain is referred and the neurons 
from the deeper, viseeral area where the pain 
stimulation originates eonverge onto the 
same aseending neurons in the spinal eord. 
The brain eannot distinguish between the 
two sources of pain stimuli, and the painful 
sensation is referred to the most superfìcial 
structures innervated, such as the skin. 

Referred pain is elinieally useful in diag- 
nosing the actual cause of the painful stimu- 
lus. For example, during a heart attaek, pain 
reeeptors in the heart are stimulated when 
blood flow is bloeked to some of the heart 
muscle. Heart attaek vietims, however, often 
do not feel the pain in the heart but instead 
feel what they pereeive as cutaneous pain 
radiating from the left shoulder down the 
arm (see figure A). 

Phantom Pain 

Phantom pain occurs in people who have 
had appendages amputated or a structure, 
such as a tooth, removed. Many of these 
people pereeive pain in the amputated 
structure as if it were still in plaee. If a neuron 
pathway that transmits aetion potentials is 
stimulated at any point along that pathway, 
aetion potentials are initiated and propa- 
gated toward the CNS. Integration results in 
the pereeption of pain that is projeeted to 
the site of the sensory reeeptors, even if 
those sensory reeeptors are no longer pres- 
ent. A similar phenomenon ean be easily 
demonstrated by bumping the ulnar nerve 
as it erosses the elbow (the funny bone). A 
sensation of pain is often felt in the fourth 


an upside-down half homunculus (hò-mungk'u-lus, little human) 
representing the opposite side of the body, with the feet loeated supe- 
riorly and the head loeated inferiorly. The size of various regions of 
the somatie sensory cortex is related to the number of sensory reeep- 
tors in that area of the body. The density of sensory reeeptors is much 


greater in the faee than in the legs; therefore, a greater area of the 
somatie sensory cortex eontains sensory neurons assoeiated with the 
faee, and the homunculus has a disproportionately large faee. 

Cutaneous sensations, although integrated within the eerebmm, 
are pereeived as though they were on the surface of the body. This is 
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and fifth digits, even though the neurons 
were stimulated at the elbow. 

A faetor that may be important in phan- 
tom pain is the laek of touch, pressure, and 
proprioeeptive impulses from the ampu- 
tated limb.Those aetion potentials suppress 
the transmission of pain aetion potentials in 
the pain pathways, as explained by the 
gate-eontrol theory of pain. When a limb is 
amputated, the inhibitory effeet of sensory 
information is removed. As a consequence, 
the intensity of phantom pain may be 
inereased. Another faetor in phantom pain 
may be that the eerebral cortex retains an 
image of the amputated body part. 

Chronic Pain 

Chronic pain is long-lasting pain. Some 
ehronie pain has a known cause, such as tis- 
sue damage, as in the ease of arthritis. Other 
ehronie pain eannot be assoeiated with tis- 
sue damage and has no known cause. 

Pain is important in warning us of poten- 
tially injurious eonditions because pain 
reeeptors are stimulated when tissues are 
injured. Pain itself, however, ean beeome a 
problem. Chronic pain, such as migraine 
headaehes, loealized faeial pain, or baek pain, 
ean be very debilitating, and pain loses its 
value of providing information about the 
eondition of the body. People suffering from 
ehronie pain often feel helpless and hopeless, 
and they may beeome dependent on drugs. 
The pain ean interfere with voeational pur- 
suits, and many vietims are unemployed or 
even housebound and soeially isolated.They 
are easily frustrated or angered, and they suf- 
fer symptoms of major depression. These 
qualities are assoeiated with what is ealled 
ehronie pain syndrome. Over 2 million peo- 
ple in the llnited States at any given time suf- 
fer ehronie pain sufficient to impair aetivity. 

Chronic pain may originate with acute 
pain assoeiated with an injury or may develop 
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Figlire A Areas of Referred Pain on the Body Surface 

Pain from the indieated internal organs is referred to the surface areas shown. 


for no apparent reason. How sensory signals 
are proeessed in the thalamus and cerebrum 
may determine if the input is evaluated as 
only a diseomfort, a minor pain, or a severe 
pain and how much distress is assoeiated 
with the sensation. The brain aetively regu- 
lates the amount of pain information that 
gets through to the level of pereeption, 
thereby suppressing much of the input. If this 
dampening system beeomes less functional, 
pain pereeption may inerease. Other nervous 
system faetors, such as a loss of some sensory 
modalities from an area, or habituation of 


pain transmission, which may remain even 
after the stimulus is removed, may actually 
intensify otherwise normal pain sensations. 
Treatment often requires a multidisciplinary 
approaeh, including such interventions as 
surgery or psyehotherapy. Some sufferers 
respond well to drug therapy, but some 
drugs, such as opiates, have a diminishing 
effeet and may beeome addietive. 
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ANATOMY & PHYSIOLOGY 


ealled projeetion and indieates that the brain refers a cutaneous 
sensation to the superficial site at which the stimulus interaets with 
the sensory reeeptors. For example, when an injeetion is given in the 
gluteus medius, aetion potentials are generated and transmitted to 
the portion of the somatie sensory cortex eorresponding to the hip. 


When neurons in the somatie sensory cortex are aetivated, there is a 
sensation of pain. Projeetion is the proeess by which the loeation of 
the painful stimulus is determined. During brain surgery, direet 
stimulation of the somatie sensory cortex results in the pereeption of 
stimulation of the skin without the skin actually being stimulated. 
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Sensory Proeessing 

Assoeiation areas are eortieal areas immediately adjaeent to the primary 
sensory areas that are involved in the proeess of reeognition. Important 
assoeiation areas are the visual assoeiation area, auditory assoeiation 
area, and somatie sensory assoeiation area (see figure 12.6). Sensory 
information first reaehes the primary sensory areas, where its basie 
eomponents are interpreted. That information is passed to the asso- 
eiation areas for further analysis. For example, aetion potentials origi- 
nating in the retina of the eye reaeh the primary visual cortex, where 
the image is “pereeived.” Aetion potentials then pass from the primary 
visual cortex to the visual assoeiation area, where the present visual 
information is eompared with past visual experience (“Have I seen 
this before?”). On the basis of this eomparison, the visual assoeiation 
area “deeides” whether or not the visual input is reeognized and passes 
judgment eoneerning the signifieanee of the input. For example, in a 
crowd, we generally pay less attention to people we have never seen 
before than to someone we know. 

9 Deseribe in the eerebral cortex the loeations and functions of the 
primary sensory areas. 

10 Deseribethetopographieorganization ofthegeneral body plan in 
the somatie sensory cortex. Why are some areas of the body 
represented as larger than other areas? 

11 Where are assoeiation areas loeated and what is their function? 




Llsing the visual assoeiation areas as an example, explain the general func- 
tions of the auditory assoeiation areas around the primary auditory cortex 
(see figure 12.7). 


12.2 eontrol of Skeletal Muscles 

The motor system of the brain and spinal eord is responsible for 
maintaining the body’s posrnre and balanee; for moving the trunk, 
head, limbs, and eyes; and for communicating through faeial expres- 
sions and speeeh. Reflexes mediated through the spinal eord and 
brainstem (see ehapter 11) are responsible for some body move- 
ments. They occur without conscious thought. Voluntary move- 
ments, on the other hand, are movements consciously aetivated to 
aehieve a speeifie goal, such as walking or typing. Although eon- 
sciously aetivated, the details of most voluntary movements occur 
automatically. After walking begins, it is not neeessary to think about 
the moment-to-moment eontrol of every muscle because neural eir- 
cuits automatically eontrol the limbs. After learning how to do eom- 
plex tasks, such as typing, people ean perform them almost 
automatically (see the discussion of nondeelarative memory, p. 361). 

Voluntary movements depend on lower and upper motor neu- 
rons. Lower motor neurons have axons that leave the eentral ner- 
vous system and extend through peripheral nerves to supply skeletal 
muscles. The eell bodies of lower motor neurons are loeated in the 
anterior horns of the spinal eord gray matter and in eranial nerve 
nuclei of the brainstem. Lower motor neurons are the neurons form- 
ing the motor units deseribed in ehapter 8. 

The axons of upper motor neurons form traets that direetly or 
indireetly eontrol the aetivities of lower motor neurons. The eell bod- 


ies of upper motor neurons are loeated in the eerebmm, brainstem, 
and cerebellum. Usually, upper motor neurons do not synapse 
direetly with lower motor neurons. Instead, the upper motor neurons 
synapse with unnamed, short interneurons, which synapse with 
lower motor neurons. 

Voluntary movements depend on the following: 

1. The initiation of most voluntary movement begins with upper 
motor neurons in the eerebral cortex (see “Motor Areas of the 
Cerebral Cortex”). 

2. The axons of upper motor neurons form deseending traets that 
stimulate lower motor neurons, which stimulate skeletal 
muscles to eontraet (see “Motor Traets,” p. 333). 

3. The eerebral cortex interaets with the basal nuclei and cerebellum 
in the planning, eoordination, and execution of movements (see 
“Modifymg and Refining Motor Aetivities,” p. 357). 

12 Distinguish between lower and upper motor neurons. 

Motor Areas of the eerebral Cortex 

The preeentral gyrus, loeated immediately anterior to the eentral 
sulcus, is also ealled the primary motor cortex or primary motor 
area (see figure 12.6). Aetion potentials initiated in this region eon- 
trol many voluntary movements, espeeially the fine motor move- 
ments of the hands. Upper motor neurons are not eonfined to the 
preeentral gyrus—only about 30% of them are loeated there. 
Another 30% are in the premotor area, and the rest are in the 
somatie sensory cortex. 

The eortieal fianetions of the preeentral gyrus are arranged 
topographieally aeeording to the general plan of the body— 
similar to the topographie arrangement of the posteentral gyrus 
(figure 12.8). The neuron eell bodies eontrolling motor functions 
of the feet are in the most superior and medial portions of the pre- 
eentral gyrus, whereas those for the faee are in the inferior region. 
Muscle groups with many motor units are represented by relatively 
large areas of the preeentral gyrus. For example, muscles perform- 
ing preeise movements, such as those eontrolling the hands and 
faee, have many motor units, eaeh of which has a small number of 
muscle fibers. Multiple motor unit summation (see ehapter 8) ean 
preeisely eontrol the foree of eontraetion of these muscles because 
only a few muscle fibers at a time are reemited. Muscle groups with 
few motor units are represented by relatively small areas of the 
preeentral gyrus, even if the muscles innervated are quite large. 
Muscles such as those eontrolling movements of the thigh and leg 
have proportionately fewer motor units than hand muscles but 
have many more and much larger muscle fibers per motor unit. 
They are less preeisely eontrolled because the aetivation of a motor 
unit stimulates the eontraetion of many large muscle fibers. 

The premotor area, loeated anterior to the primary motor eor- 
tex (see figure 12.6), is the staging area in which motor fimetions are 
organized before they are initiated in the motor cortex. For example, 
if a person deeides to take a step, the neurons of the premotor area 
are stimulated first. The determination is made in the premotor area 
as to which muscles must eontraet, in what order, and to what 
degree. Aetion potentials are then passed to the upper motor neurons 
in the motor cortex, which actually initiate the planned movements. 
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Figlire 12.8 Topography of the Primary Motor Cortex ap;r 

Cerebral cortex seen in frontal seetion on the left side of the brain.The figure of 
the body (homunculus) depiets the nerve distributions; the size of eaeh body 
region shown indieates relative innervation.The cortex occurs on both sides of 
the brain but appears on only one side in this illustration.The inset shows the 
motor region of the left hemisphere (pink). 


Table 12.2 


e 


Deseending Spinal Pathways 




Pathway 

Fiinetions Controlled 


Direet 

Conscious skilled movements 


Corticospinal traet 

Movements below the head, espeeially 
of the hands 


Lateral 

Movements of the neek, trunk, and limbs 


Anterior 

Movements of the neek and upper limbs 


Corticobulbar traet 

Movements in the head and neek 


indireet 

Conscious and unconscious movements 


Rubrospinal 

Coordination of fine hand movements 


Reticulospinal 

Posture adjustment, walking 


Vestibulospinal 

Maintenanee of upright posture, balanee 






Apraxia 

The premotor area must be intaet for a person to earry out eom- 
plex, skilled, or learned movements, espeeially ones related to man- 
ual dexterity—for example, a surgeon's use of a sealpel or a student's 
use of a peneil. Impairment in the performanee of learned move- 
ments, ealled apraxia (à-prak'sé-à), ean result from a lesion in the 
premotor area. Apraxia is eharaeterized by hesitaney and reduced 
dexterity in performing these movements. 


The motivation and the foresight to plan and initiate movements 
occur in the anterior portion of the frontal lobes, the prefrontal 
cortex. This is a region of assoeiation cortex that is well developed 
only in primates, espeeially in humans. It is involved in motivation 
and the regulation of emotional behavior and mood. The large size 
of this area in humans may account for our relatively well-developed 
forethought and motivation and for our emotional complexity. 

13 VVhere is the primary motor cortex loeated and what is its function? VVhy 
are some areas of the body represented as larger than other areas on 
the topographie map of the body on the primary motor cortex? 

14 VVhere are the premotor and prefrontal areas of the eerebral cortex 
loeated and what is their function? 


Motor Traets 

Motor traets are pathways in the CNS that direetly or indireetly 
affeet the aetivities of lower motor neurons. The names of traets are 
based on their origin and termination. Much like the names of 
aseending traets, the prefix indieates its origin and the suífix indieates 
its destination. For example, the eortieospinal traet is a motor traet 
that originates in the eerebral cortex and terminates in the spinal 
eord (table 12.2 and figure 12.9). 


Direet pathvvays 

Anterior eortieospinal 
Lateral eortieospinal 


Posterior 


indireet pathways 

Rubrospinal 


Reticulospinal 


Vestibulospina, 


Teetospinal 



Anterior 

Figlire 12.9 Deseending Pathways of the Spinal Cord at 

the eervieal Level 

Deseending pathways are labeled on the left side of the figure only (pink), 
though they exist on both sides. 
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Figlire 12.10 Deseending Pathways 

The direet pathways (corticobulbar and eortieospinal) are indieated by the blue 
arrow.The indireet pathways and their intereonneetions are indieated by the 
red arrows. 


The internal capsule eontains projeetion fibers, which form traets 
eonneeting the eerebmm to other parts of the brain (see figure 11.22). 
Traets of the internal capsule eonneet the eerebmm to the thalamus, 
basal nuclei, cerebellum, brainstem, and spinal eord. The deseend- 
ing motor traets are divided into two groups: direet pathways and 
indireet pathways (figure 12.10). The direet pathways arise from 
the eerebral motor cortex. Axons of upper motor neurons form 


traets, which extend to lower motor neurons in the spinal eord or 
brainstem. The indireet pathways arise from the eerebral motor 
cortex and the cerebellum and projeet to nuclei in the brainstem. 
Axons from these nuclei form traets that projeet to lower motor 
neurons. The indireet pathways are so ealled because of the presenee 
of these intermediate nuclei between the eerebral motor cortex and 
the cerebellum and lower motor neurons. 

The direet pathways are involved in voluntary eontrol of skeletal 
muscles and the maintenanee of muscle tone. They are espeeially 
important for the eontrol of distal limb and faeial muscles. The indi- 
reet pathways are involved in voluntary eontrol of skeletal muscles, 
espeeially of the trunk and proximal limbs. They are assoeiated with 
overall body eoordination and eerebellar fimetion, such as posrnre 
and balanee. 

15 What are direet and indireet pathways? 

Direet Pathways 

The direet pathways include groups of nerve fibers arrayed into two 
traets: the eortieospinal and the corticobulbar traets. The eortieo- 
spinal traet is involved in direet eortieal eontrol of movements 
below the head. It eonsists of axons of upper motor neurons loeated 
in the primary motor and premotor areas of the frontal lobes and 
the somatie sensory parts of the parietal lobes (figure 12.11). They 
deseend through the internal capsules and the eerebral peduncles of 
the midbrain to the pyramids of the medulla oblongata. At the 
inferior end of the medulla 75%—85% of the eortieospinal fibers 
eross to the opposite side of the CNS through the pyramidal 
decussation, which is visible on the anterior surface of the inferior 
medulla (see figure 11.18). The erossed fibers deseend in the lateral 
eortieospinal traets of the spinal eord (see figure 12.11). The 
remaining 15%—25% deseend uncrossed in the anterior eortieo- 
spinal traets and decussate near the level where they synapse with 
lower motor neurons. The anterior eortieospinal traets supply the 
neek and upper limbs, and the lateral eortieospinal traets supply all 
levels of the body. 

Most of the eortieospinal fibers synapse with interneurons in 
the spinal eord gray matter between the posterior and anterior 
horns or in the anterior horns. The interneurons, in turn, synapse 
with the lower motor neurons of the anterior horn that innervate 
primarily distal limb muscles. 

Damage to the eortieospinal traets results in clumsiness, weak- 
ness, and reduced muscle tone, but not in eomplete paralysis, even 
if the damage is bilateral. Experiments with monkeys have demon- 
strated that bilateral seetioning of the medullary pyramids results 
in difficulty using the distal parts of the limbs, espeeially the hands. 
The monkeys, however, still had use of axial and proximal limb 
muscles through the indireet pathways and could stand, walk, and 
elimb. These and other data support the conclusion that the eorti- 
eospinal system is superimposed over the indireet pathways and 
that it has many parallel fianetions. The main fimetion of the direet 
pathways is to add speed and agility to voluntary movements, espe- 
eially of the hands, and to provide a high degree of fine motor 
eontrol, such as in the movements of individual fingers. Spinal eord 
lesions that affeet both the direet and indireet pathways result in 
eomplete paralysis. 
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Figure 12.11 Direet Pathways 

Llpper motor neuron axons deseend to the medulla oblongata. Most axons 
decussate in the medulla oblongata and deseend in the lateral eortieospinal 
traets in the spinal eord. Some axons continue as the anterior eortieospinal 
traets and decussate in the spinal eord. IJpper motor neurons synapse with 
interneurons that synapse with lower motor neurons. Lines on the inset 
indieate levels of seetion. The orange arrow indieates the direetion of aetion 
potential propagation. 


The corticobulbar traets are involved in the direet eortieal 
eontrol of movements in the head and neek. Upper motor neurons 
that contribute to the corticobulbar traets are in regions of the eor- 
tex similar to those of the eortieospinal traets and follow the same 
basie route as the eortieospinal system down to the level of the 
brainstem. At that point, corticobulbar fibers terminate in the 


motor nuclei of some eranial nerves. Usually, the upper motor neu- 
rons synapse with interneurons, which synapse with lower motor 
neurons. The eranial nerves eontrol the muscles of mastieation, 
muscles of faeial expression, trapezius, sternoeleidomastoid, tongue 
muscles, and palatine, pharyngeal, and laryngeal muscles. Note that 
the corticobulbar traets are not involved with the muscles eontrol- 
ling eye movements. The circuitry for eontrolling eye movements is 
complex, involving many parts of the brain, such as eerebral cortex 
motor areas, superior colliculi, reticular formation nuclei, vestibular 
nuclei, and the cerebellum. 

16 What two traets form the direet pathways? Which parts of the body 
are siipplied by eaeh traet? Deseribe the loeation of the neurons in 
eaeh traet, where they eross over, and where they synapse. 

17 Deseribe the functions of the direet pathways. How are they related 
to the indireet pathways? 


indireet Pathways 

The indireet pathways (see figure 12.10) originate with upper motor 
neurons of the eerebmm and cerebellum whose axons synapse in 
some intermediate nucleus rather than direetly with lower motor 
neurons. Axons from the neurons in those nuclei form traets that 
eonneet to lower motor neurons. In general, the indireet pathways 
decussate in the brainstem so that one side of the brain is eontrolling 
the opposite side of the body. Some indireet pathway fibers are dis- 
tributed bilaterally. The major traets of the indireet pathways are the 
reticulospinal, mbrospinal, and vestibulospinal traets. The indireet 
pathways are involved with voluntary eontrol of skeletal muscles and 
are very important in maintaining posture, holding of the limbs in 
position, and balanee. 

Neuron eell bodies of the reticulospinal traet (figure 12.12) 
are in the reticular formation of the pons and medulla oblongata. 
Their axons deseend in the anterior portion of the lateral column 
and synapse with interneurons and lower motor neurons in the 
ventromedial portion of the spinal eord eentral gray matter. This 
traet is important for the voluntary eontrol of skeletal muscles. It 
also maintains posmre through the aetion of tmnk and proximal 
upper and lower limb muscles during eertain movements. For 
example, when a person who is walking lifts one foot off the 
ground, the weight of the body is shifted to the other limb. 

Neurons of the mbrospinal traet begin in the red nucleus, 
which is loeated at the boundary between the dieneephalon and 
midbrain (see figure 12.12). The traet decussates in the midbrain and 
deseends in the lateral column of the spinal eord. The red nucleus 
reeeives input from both the motor cortex and the cerebellum. 
Lesions in the red nucleus result in intention, or aetion, tremors 
similar to those seen in eerebellar lesions (see “Basal Nuclei and 
Cerebellar Disorders,” p. 359). The fimetion of the red nucleus, 
therefore, is related elosely to eerebellar fimetion. The mbrospinal 
traet is the one indireet traet that is very elosely related to the direet, 
eortieospinal traet. It plays a role in eoordinating fine motor move- 
ments in the distal part of the upper limbs. Damage to the mbrospi- 
nal traet impairs forearm and hand movements but does not greatly 
affeet general body movements. 

The vestibulospinal traets originate in the vestibular nuclei, 
loeated in the medulla and pons. Their fibers preferentially influence 
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Figlire 12.12 indireet Pathways 

Examples of indireet pathways are the reticulospinal and mbrospinal traets. 
Neurons from the eerebmm projeet to neurons in brainstem nuclei.The axons 
of these neurons form the reticulospinal and rubrospinal traets. Lines on the 
inset indieate levels of seetion.The orange arrow indieates the direetion of 
aetion potential propagation. 


neurons innervating extensor muscles in the trunk and proximal por- 
tion of the lower limbs and are involved primarily in the maintenanee 
of upright posture and balanee. The vestibular nuclei reeeive major 
input from the organs of balanee in the inner ear (see ehapter 13) and 
the cerebellum. 

18 Name the structures and the traets that form the indireet pathways. 

What functions do they eontrol? 


CASE STUDY 


Spinal eord injiiry 


Harley was taking a curve on his motoreyele when he hit a pateh of 
loose gravel on the side of the road. His motoreyele slid onto its side. 
Harley fell off and slid, as he was spun around, into a retaining wall. A 
passing motorist stopped at the wreck and saw that Harley was still 
conscious and breathing. The motorist (wisely) did not move Harley 
but dialed 911. The paramedies plaeed Harley on a back-support bed 
and rushed him to the hospital. Examination there revealed that 
Harley had suffered a fracture of his seeond lumbar vertebra. 
Methylprednisolone was administered to reduce inflammation 
around the spinal eord. His vertebrae were realigned and stabilized. A 
neurologist determined that the entire left half of Harley's spinal eord 
was destroyed at level L2. A lesion of the spinal eord that destroys half 
the eord (hemiseetion) at a speeifìe level results in a very speeifìe 
syndrome, ealled the Brown-Séquard syndrome. 


Prediet 


4 


Use figures 11.12,12.3,12.4,12.5,12.9,12.11, and 12.12 to answer these 
questions. 

a. What sensory traets were damaged on the left side of the spinal 
eord? As a result, what sensations did Harley lose? On which side of 
his body did Harley lose sensations? 

b. On the side of the body Harley lost sensation, which parts of the 
body lost sensation? 

e. What motor traets were damaged on the left side of the spinal eord? 
As a result, which side of his body was Harley no longer able to 
eontrol voluntarily? 

d. On the side of the body on which Harley lost motor eontrol, which 
parts of the body were affeeted? Name the major nerves affeeted by 
Harley's injury. 


Spinal shoek 

Following injury to the spinal eord, reflexes below the level of 
injury are lost.This response is ealled spinal shoek. Reeall from ehap- 
ter 11 that interneurons and motor neurons of reflex ares are eon- 
neeted to the brain through deseending traets (see fìgure 11.6). 
Continual stimulation of reflex eenters in the spinal eord through the 
reticulospinal, vestibulospinal, and eortieospinal traets helps neu- 
rons maintain a state of responsiveness to stirrmlation. That is, EPSPs 
move membrane potentials eloser to threshold, inereasing the excit- 
ability of neurons (see ehapter 10). Loss of the faeilitatory input from 
the brain results in the depression of spinal eord reflex eenters and 
loss of reflex aetivity. The presenee or absenee of speeifìe reflexes 
following spinal eord injury is an indieation of the severity and level 
of the injury. For example, the patellar (knee-jerk) reflex is an exten- 
sion of the knee when the patellar ligament is struck with a rubber 
hammer (see figure 11.7). It is mediated through levels L2-L4 of the 
spinal eord. The plantar reflex is flexion of the toes when the lateral 
surface of the sole of the foot is stroked with a sharp objeet. It is 
mediated through levels S1-S2 of the spinal eord.The presenee of 
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the patellar reflex and the absenee of the plantar reflex indieate 
injury to the spinal eord belovv level L4. 

Within 2 vveeks to several months, reflexes lost because of spinal 
shoek are usually reeovered. Sometimes reeovery is not eomplete. 
The reasons for reeovery from spinal shoek are not vvell understood. 
Neurons deprived of normal faeilitatory input gradually return to 
their previous state of excitability. The formation of nevv synapses 
may play a role. The degeneration of deseending neurons leaves 
vaeant synaptie sites on neurons in spinal eord reflex eenters. Nevv 
synaptie eonneetions by neurons of the reflex are could fìll these 
vaeant sites and inerease reflex sensitivity. 

Damage to the spinal eord ean also affeet traets and reflexes of 
the ANS. Spinal shoek ean result in the loss of reflexes neeessary for 
urination and defeeation to occur. Reeovery from spinal shoek 
results in reflexive urination and defeeation. 

Modifying and Refining 
Motor Aetivities 

Basal Nuclei 

The basal nuclei (see figure 11.23) are important in planning, organiz- 
ing, and eoordinating motor movements and posture. Complex neural 
circuits link the basal nuclei with eaeh other, with the thalamus, and 
with the eerebral cortex. These eonneetions form several feedbaek 
loops, some of which have excitatory effeets on the eerebral motor 
cortex and some of which have inhibitory effeets. The excitatory eir- 
cuits faeilitate muscle aetivity, espeeially at the beginning of a voluntary 
movement, such as rising from a sitting position or beginning to walk. 


The inhibitory circuits faeilitate the aetions of the stimulatory circuits 
by inhibiting muscle aetivity in antagonist muscles. Inhibitory circuits 
also deerease muscle tone when the body, limbs, and head are at rest, 
which eliminates “unwanted” movements. Basal nuclei disorders fall 
into two major eategories: (1) deereased excitatory and inhibitory 
effeets and (2) inereased excitatory and inhibitory effeets (see “Basal 
Nuclei and Cerebellar Disorders,” p. 339). 

19 What are the functions of the basal nuclei? 

Cerebellum 

The cerebellum is involved in balanee, the eoordination of fine 
motor movement, and the maintenanee of muscle tone. If the eere- 
bellum is damaged, fine motor movements beeome very clumsy and 
muscle tone deereases. The cerebellum (see figure 11.19) eonsists of 
three fimetional parts: the vestibulocerebellum, the spinocerebellum, 
and the cerebrocerebellum. The vestibulocerebellum, or flocculo- 
nodular lobe, reeeives direet input from the organs of balanee in the 
inner ear (see ehapter 13) and sends axons to the vestibular nuclei of 
the brainstem. It helps eontrol balanee, espeeially during movements, 
and it helps eoordinate eye movement. The vestibulocerebellum also 
helps maintain muscle tone in postural muscles. 

The vermis and medial portion of the lateral hemisphere, referred 
to jointly as the spinocerebellum, helps aeeomplish fine motor eoordi- 
nation of simple movements by means of its eomparator fimetion. 
Aetion potentials from the motor cortex deseend into the spinal eord to 
initiate voluntary movements. At the same time, aetion potentials are 
earried from the motor cortex to the cerebellum to give the eerebellar 
neurons information representing the intended movement (figure 12.13). 
Simultaneously, aetion potentials from proprioeeptive neurons aseend 


1. The motor cortex sends aetion 
potentials to lower motor neurons 
in the spinal eord. 

2. Aetion potentials from the motor 
cortex inform the cerebellum of the 
intended movement. 

3. Lower motor neurons in the spinal eord 
send aetion potentials to skeletal 
muscles, causing them to eontraet. 

4. Proprioeeptive signals from the 
skeletal muscles and joints to the 
cerebellum eonvey information 
eoneerning the status of the 
muscles and the structure being 
moved during eontraetion. 

5. The cerebellum eompares the 
information from the motor cortex 
to the proprioeeptive information 
from the skeletal muscles and joints. 

6. Aetion potentials from the cerebellum 

to the spinal eord modify the stimulation 
from the motor cortex to the lower 
motor neurons. 

7. Aetion potentials from the cerebellum 
are sent to the motor cortex to modify 
motor aetivity. 



Proprioeeption 


Proeess Figure 12.13 eerebellar eomparator Function 
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through the spinoeerebellar traets to the cerebellum. Proprioeeptive 
neurons innervate the joints and tendons of the structure being moved, 
such as the elbow or knee, and provide information about the position 
of the body or body parts. These aetion potentials give the eerebellar 
neurons information from the periphery about the actual movements. 
The cerebellum eompares the aetion potentials from the motor cortex 
with those from the moving structures. That is, it eompares the 
intended movement with the actual movement. If a differenee is 
deteeted, the cerebellum sends aetion potentials through the thalamus 
to the eerebral motor cortex and to the spinal eord to eorreet the dis- 
erepaney. The result is smooth and eoordinated movement. 

The eomparator ffmetion eoordinates simple movements, such as 
touching your nose. Rapid, complex movements, however, require 
much greater eoordination and training. The cerebrocerebellum 
eonsists of the lateral two-thirds of the lateral hemispheres. It eom- 
municates with the motor, premotor, and prefrontal portions of the 
eerebral cortex to help in planning and praetieing rapid, complex 
motor aetions. The cerebrocerebellum makes it possible for a person 
to learn highly skilled and rapid movements that are aeeomplished 
more rapidly than ean be accounted for by the eomparator ffinetion 
of the cerebellum. In these eases, the cerebellum partieipates with the 
cerebrum in learning highly speeialized movements, such as playing 
the piano or swinging a baseball bat. The cerebrocerebellum is also 
involved in eognitive ffmetions, such as rhythm, conceptualization of 
time intervals, some word assoeiations, and solutions to pegboard 
puzzles—tasks onee thought to occur only in the eerebmm. 

There are two major eerebellar inputs: from the eerebral motor 
cortex and proprioeeption from the body. Traets from the motor eor- 
tex deseend through the internal capsule to synapse in pontine nuclei 
of the eerebral peduncles. Axons from the pontine nuclei eross the 
midline in the middle eerebellar peduncle and supply the eontralateral 
cerebellum. Thus, the eerebral cortex on one side of the brain projeets 
to the cerebellum on the opposite side. The cerebellum reeeives pro- 
prioeeption input ipsilaterally (see “Proprioeeption Traets,” p. 348). 

There are two major eerebellar outputs: to the eerebral motor 
cortex and the spinal eord. Axons from the cerebellum pass through 
the superior eerebellar peduncles, which eross in the midbrain, and 
projeet to the eontralateral thalamus. The thalamus eonneets to the 
eerebral motor cortex through the internal capsule. Thus, the eerebel- 
lum on one side of the brain projeets to the eerebral motor cortex on 
the opposite side. Axons from the cerebellum synapse with brainstem 
nuclei of the indireet pathways, thus gaining aeeess to lower motor 
neurons in the spinal eord. 

20 What parts of the eerebelliim contribute to the vestibulocerebellum, 
spinocerebellum, and cerebrocerebellum? 

21 What is the function of the vestibulocerebellum? 

22 Explain the eomparator aetivities of the spinocerebellum. 

23 Deseribe the role of the cerebrocerebellum in rapid and skilled motor 
movements, such as playing the piano. 

24 Deseribe the major eerebellar inputs and outputs. 


Prediet 



If the right half of the cerebellum is injured, which side of the body exhibits 
defeets assoeiated with eerebellar function? 


12.3 Other Brain Fnnetions 

The human brain is eapable of many ffmetions besides the awareness 
of sensory input and the eontrol of skeletal muscles. Speeeh, mathe- 
matieal and artistie abilities, sleep, and memory are other ffmetions 
of the brain. 

Speeeh 

In most people, the speeeh area is in the left eerebral cortex. Two 
major eortieal areas are involved in speeeh: Wernicke area (sensory 
speeeh area), a portion of the parietal lobe, and Broea area (motor 
speeeh area) in the inferior part of the frontal lobe (see figure 12.11). 
Wernicke area is neeessary for understanding and formulating eoher- 
ent speeeh. Broea area initiates the complex series of movements 
neeessary for speeeh. The two areas are eonneeted by an assoeiation 
traet known as the arcuate fasciculus (figure 12.1 4a). 

For someone to speak a word that he or she sees, such as when 
reading out loud, the following sequence of events must take plaee. 
Aetion potentials from the eyes reaeh the primary visual cortex, 
where the word is seen. The word is then reeognized in the visual 
assoeiation area and understood in parts of Wernicke area. Then 
aetion potentials representing the word are conducted through 
assoeiation fibers that eonneet Wernicke and Broea areas. In Broea 
area, the word is formulated as it will be spoken. Aetion potentials 
are then propagated to the premotor area, where the movements are 
programmed, and finally to the primary motor cortex, where the 
proper movements are triggered (figure 12.14^). 

To repeat a word that has been heard is a similar proeess. The 
information passes from the ears to the primary auditory cortex and 
then passes to the auditory assoeiation area, where the sound is ree- 
ognized as a word, and continues to Wernicke area, where the word 
is understood. From Wernicke area, it follows the same route as fol- 
lowed for speaking words that are seen. 

25 List the sequence of events that must occur for a person to say a 
word that is seen or heard. 


Prediet 



Propose the sequence of events needed for a blindfolded person to name an 
objeet plaeed in the right hand. 


■ 



Aphasia 


Aphasia (à-fà'zè-à), absent or defeetive speeeh or language eom- 
prehension, results from a lesion in the language areas of the eor- 
tex. Reeeptive aphasia (Wernicke's aphasia), which includes 
defeetive auditory and visual eomprehension of language, defeetive 
naming of objeets, and repetition of spoken sentenees, is caused by 
a lesion in Wernicke's area. Expressive aphasia (Broea's aphasia), 
caused by a lesion in Broea's area, is eharaeterized by hesitant and 
distorted speeeh. 
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Parkinson disease is caused by a 
dysfunction in the substantia nigra, resulting 
in deereased excitatory and inhibitory effeets 
on the eerebral motor cortex by the basal 
nuclei circuits. Deereased excitatory effeets 
result in a general laek of movement and dif- 
ficulty in initiating movements, such as rising 
from a sitting position or initiating vvalking. 
Movements are not normal—for example, 
vvalking is aeeomplished by a slow, shuffling 
gait, and it is diffìcult to ehange direetions. 
Basal nuclei circuits deerease muscle tone. 
Deereased inhibition of muscle tone results 
in inereased muscle tone, causing muscular 
rigidity and loss of faeial expression. It ean 
also cause a resting tremor, ealled "pill- 
rolling," which eonsists of circular movement 
of the opposed thumb and index fìngertips. 

Parkinson disease results when neurons 
of the substantia nigra produce inadequate 
amounts of the inhibitory neurotransmitter 
dopamine. It eannot be treated by taking 
dopamine because dopamine eannot eross 
the blood-brain barrier. Parkinson disease is 
treated by taking levodopa (lé-vó-dó'pà) 
(L-dopa), a precursor to dopamine, which 
erosses the blood-brain barrier and is used to 
make dopamine. Sinemet, a eombination of 
L-dopa and earbidopa (kar-bi-dó'pà) is even 
more effeetive than L-dopa alone because ear- 
bidopa is a decarboxylase inhibitor, which 
prevents the breakdown of L-dopa before it 
reaehes the brain.There are long-term, nega- 



Basal Nuclei and eerebellar Disorders 



tive side effeets with L-dopa, however. As a 
result, other drugs, such as ropinirole and 
pramipexole, which have fewer side effeets, 
are now being used to treat the symptoms. 
Removal of a portion of the corpus striatum, 
or implantation of an eleetrieal pulse genera- 
tor to stimulate speeifìe basal nuclei, is now 
being used to treat Parkinson disease effee- 
tively.Treatment by transplanting fetal tissues, 
or stem eells from adult tissues, eapable of 
producing dopamine is under investigation. 

Huntington disease and hemiballisrrms 
result from inereased excitatory and inhibi- 
tory effeets on the eerebral motor cortex by 
basal nuclei circuits. The inereased excitatory 
effeets result in involuntary movements and 
the inereased inhibitory effeets in deereased 
muscle tone. Hiintington disease is a domi- 
nant hereditary disorder that begins in mid- 
dle life, causing mental deterioration and 
progressive degeneration of the corpus stria- 
tum in affeeted individuals. It is eharaeterized 
by a series of rapid, nearly continuous, invol- 
untary movements of the limbs and faeial 
nrmseles. Damage to a subthalamic nucleus ean 
result in hemiballismus (hem-é-bal-iz'mus), an 
uncontrolled, purposeless, and forceful 
throwing or flailing of one arm and one leg. 

Oerebral palsy (pawl'zé) is a general 
term referring to defeets in motorfunctions or 
eoordination resulting from several types of 
brain damage, which may be caused by 
abnormal brain development or birth-related 


injury. Some symptoms of eerebral palsy, such 
as inereased muscle tension, are related to 
basal nuclei dysfunction. Athetosis (ath-é- 
tò'sis), often one of the features of eerebral 
palsy, is eharaeterized by slow, sinuous, aimless 
movements. When the faee, neek, and tongue 
rrmseles are involved, grimaeing, protmsion, 
and writhing of the tongue and difficulty in 
speaking and swallowing are eharaeteristies. 

Oerebellar lesìons result in a spectrum 
of eharaeteristie functional disorders. 
Movements tend to be jerky with over- 
shooting. An example of overshooting is 
pointing past or deviating from a mark that 
one tries to touch with the finger. Nystag- 
mus (nis-tag'mus), which is a eonstant 
motion of the eyes, may also occur. An inten- 
tion tremor is a shaking or oseillatory move- 
ment that occurs when one tries to eontrol a 
given movement.The more carefully one tries 
to eontrol the movement, the greater the 
tremor beeomes. For example, when a person 
with a eerebellar tremor attempts to drink a 
glass of water, the eloser the glass eomes to 
the mouth the shakier the movement 
beeomes. An intention tremor is in direet eon- 
trastto basal nuclei tremors, in which the rest- 
ing tremor largely or eompletely disappears 
during purposeful movement. 



ANATOMY& PHYSIOLOGY 



Mathemateal and Artistie Abilities 

Some complex functions of the brain are not shared equally between the 
left and right eerebral hemispheres. The left eerebral hemisphere is more 
involved in such skills as mathematies and speeeh. The right hemisphere 
is involved in aetivities such as spatial pereeption, the reeognition of 
faees, and musical ability. Dominanee of one eerebral hemisphere over 
the other, for most hmetions, is probably not very important in most 
people because the two hemispheres are in eonstant communication 
through eonneetions between the two hemispheres ealled commissures 
(kom'i-shurz; a joining together). The largest of these commissures is 
the corpus callosum (kòr'pus kà-lò'sum; callous body), a broad band 
of traets at the base of the longitudinal fissure (see figure 13.1). 

Surgical cutting of the corpus callosum has been successful in 
treating a limited number of epilepsy eases. Severing the corpus 
callosum prevents eleetrieal aetivity causing seizures from spread- 
ing from one eerebral hemisphere to the other. People with a cut 


corpus callosum fimetion surprisingly normally. Under eertain 
eonditions, however, interesting functional defeets are apparent in 
people who have had their corpus callosum severed. For example, 
if a patient with a severed corpus callosum is asked to reaeh behind 
a sereen to touch one of several items with one hand without being 
able to see it and then is asked to point out the same objeet with 
the other hand, the person eannot do it. Taetile information from 
the left hand enters the right somatie sensory cortex, but that 
information is not transferred to the left hemisphere, which 
eontrols the right hand. As a result, the left hemisphere eannot 
direet the right hand to the eorreet objeet. 

26 What are the functions loealized in the left eerebral hemisphere? In 
the right eerebral hemisphere? 

27 Name the largest pathway that eonneets the right and left eerebral 
hemispheres. 
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(a) Arcuate 
fasciculus 



Broea area 


Wernicke area 


(b) Primary auditory cortex Premotor area Primary motor cortex 



Visual cortex Wernicke area Broea area 


1. The word is seen in the 
visual cortex. 


2. Information eoneerning the 
word is understood in 
Wernicke area. 


3. Information from Wernicke 
area is transferred to 
Broea area. 


4. Information is transferred 
from Broea area to the 
primary motor cortex. 


Proeess Figure 12.14 Demonstration of eortieal Aetivities During speeeh 

(a) The arcuate fasciculus eonneets the two key areas involved in speeeh. (b) The figures show the pathway for reading and naming something that is seen, such as 
reading aloud. Positron emission tomography (PET) seans showthe areas ofthe brain that are most aetive during various phases of speeeh.The highest level of brain 
aetivity is indieated in red, with successively lower levels represented by yellow, green, and blue. 


Brain waves and Sleep 

Eleetrodes plaeed on a person’s sealp and attaehed to a reeording 
deviee ean reeord the eleetrieal aetivity of the brain, producing an 
eleetroeneephalogram (é-lek'trò-en-sef'à-lò-gram) (EEG). These 
eleetrodes are not sensitive enough to deteet individual aetion 
potentials, but they ean deteet the simultaneous aetion potentials 
in large numbers of neurons. As a result, the EEG displays wavelike 
patterns known as brain waves (figure 12.15^). Most of the time, 
EEG patterns are irregular, with no particular pattern, because 
most of the brain’s eleetrieal aetivity is not synchronous. At other 
times, however, speeifie patterns ean be deteeted. These regular pat- 
terns are elassified as alpha, beta, theta, or delta waves. Alph a 
waves are observed in a normal person who is awake but in a quiet, 
resting state with the eyes elosed. Beta waves have a higher fre- 
quency than alpha waves and occur during intense mental aetivity. 
Theta waves usually occur in ehildren, but they ean also occur in 
adults who are experiencing fmstration or who have eertain brain 
disorders. Delta waves occur in deep sleep, in infaney, and in 
patients with severe brain disorders. 

Brain wave patterns vary during the four stages of sleep (figure 
12.1 5b). A sleeping person arouses several times during a period of sleep. 
Dreaming occurs during periods when eye movement ean be observed 
in a sleeping person, ealled rapid eye movement (REM) sleep. 

Distinet types of EEG patterns ean be deteeted in patients with 
speeifie brain disorders, such as epileptie seizures. Neurologists use 


these patterns to diagnose the disorders and determine the appropri- 
ate treatment. 

28 What is an EEG? What four eonditions produce alpha, beta, theta, and 
delta waves, respeetively? 

Memory 

Memory is the eneoding, storage, and retrieval of learned informa- 
tion. Memory ean be elassified by duration; short-term memory 
lasts seeonds to minutes, and long-term memory lasts for days, 
weeks, or even a lifetime (figure 12.16). Working memory is short- 
term memory used to aeeomplish tasks. It is the temporary reten- 
tion of information that was just experienced or retrieved from 
long-term memory. Examples of working memory are looking up 
and using a phone number or searehing for a lost objeet. 

Information in short-term memory ean be transferred to long- 
term memory through a proeess ealled eonsolidation to produce a 
memory engram. Consolidation inereases or deereases the long- 
term effieieney of synaptie transmissions and promotes the growth 
or removal of synapses between neurons. The result is a memory 
engram, which is a group of neurons and their pattern of aetivity. 

The transfer of information from short-term memory to long- 
term memory depends on many faetors, including emotions, 
rehearsal, and assoeiation. Emotions, such as interest, motivation, 
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Figure 12.15 Eleetroeneephalograms (EEGs) Showing Brain waves 

(a) EEG traeings when a person is awake and during four stages of sleep. (b) A typieal night's sleep pattern in a young adult.The time spent in REM sleep is labeled and 
shown by dark bars. 
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Figlire 12.16 Memory Proeessing 


like, dislike, surprise, and fear, affeet our interpretation of informa- 
tion and how likely the information is to be remembered. Rehearsal 
is the repeated exposure to, or the use of, information, and assoeia- 
tion is the tying of new information to previously known informa- 
tion that is already in long-term memory. Interest, motivation, 
rehearsal, and assoeiation are all useful strategies for remembering 
anatomy and physiology! 

Memory ean also be elassified by type as deelarative or nonde- 
elarative memory (see figure 12.16). Deelarative memory is the 
conscious retrieval of information that ean be in prineiple deelared 
or expressed by language. Deelarative memory involves the reten- 
tion of faets and events, espeeially events of personal experience. For 
example, remembering that a tuna is a large, saltwater fish used for 
food is a faet and that you had a tuna sandwich for lunch is an event. 

Nondeelarative memory involves motor skills and sensory 
assoeiations that are mostly acquired and used unconsciously. Two 
kinds of nondeelarative memory are procedural memory and eondi- 
tioned reflexes. Procedural memory enables us to perform eompli- 


eated motor aetivities, such as riding a bieyele, playing a piano, or 
swinging a golf club. It is impossible or difficult to express how we 
do such things, and thinking about them consciously may inhibit 
our ability to do them effieiently. A eonditioned reflex is a reflex 
response that is assoeiated with a learned stimulus. The most famous 
example of a eonditioned reflex is that of Ivan Pavlov’s experiments 
with dogs. Eaeh time he fed the dogs, a bell was rung; soon the dogs 
salivated when the bell rang, even if no food was presented. A soldier 
ducking when he hears a loud sound is another example. 

Different parts of the brain are responsible for deelarative and 
nondeelarative memories. Short-term deelarative memories are 
stored in the hippocampus and parahippocampus, which are gyri of 
the inferior, medial temporal lobe (see figure 11.24). These struc- 
tures are eonneeted to the eerebral cortex and through eonsolida- 
tion, memory engrams are formed within the eerebral cortex in 
regions that overlap with, or even possibly eorrespond to, regions 
responsible for sensation and aeting. For example, knowledge of a 
tuna is stored in many different areas: its appearanee in visual areas 
dealing with shape and eolor, its taste in gustatory areas, its texture 
in taetile areas, its name or deseription in language areas, and so on. 
A complex memory requires aeeessing and reassembling segments of 
the memory eaeh time it is reealled. The complexity of this proeess 
may be responsible for the ehanges in what is reealled over time. On 
oeeasion, parts of unrelated memories may be pulled out and put 
together ineorreetly to ereate a “false memory.” Much of what is 
stored as deelarative memory is gradually lost through time. 

Nondeelarative memory involves the cerebellum, basal nuclei, 
prefrontal cortex, amygdala, and sensory assoeiation areas. Little is 
known about the parts of the brain involved with the transfer of 
short-term nondeelarative memory to long-term storage. It is 
assumed to involve many different areas of the brain other than the 
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Nearly all brain tumors develop 
from neuroglia and not from neurons. 
Symptoms vary vvidely, depending on the 
loeation of the tumor, but include head- 
aehes, neuralgia (pain along the distribution 
of a peripheral nerve), paralysis, seizures, 
eoma, and death. Meningiomas (mé-nin'jé- 
ó'màz), tumors of the meninges, account 
for 25% of all primary intraeranial tumors. 

Stroke is a term meaning a sudden 
blovv, suggesting the speed vvith vvhieh this 
type of defeet ean occur. It is also referred to 
elinieally as a cerebrovascular (ser'é-bró- 
vas'ku-làr, sé-ré'bró-vas'ku-làr) aeeident 
(CVA). A CVA may be caused by a hemor- 
rhage (hem'ò-rij), bleeding into the tissue; 
by a elot, ealled a thrombus (throm'bus), in 
a blood vessel; by a pieee of a elot, ealled an 
embolus (em'bó-lus) that has broken loose 
and fìoats through the circulation until it 
reaehes and bloeks a small vessel; or by 
vasospasm (và'só-spazm), eonstrietion of 
the eerebral blood vessels. A hemorrhage, a 
thrombus, an embolism, or a vasospasm ean 
result in a loeal area of eell death, ealled an 
infaret (in'farkt), caused by a laek of blood 
supply, surrounded by an area of eells that 
are seeondarily affeeted. The symptoms 


General CNS Disorders 

depend on the loeation of the stroke and the 
size of the infaret, but they may include anes- 
thesia (a laek of feeling) or paralysis on the 
side of the body opposite the eerebral infaret. 

Alzheimer (àlz'hì-mer) disease is a 
severe type of mental deterioration, or 
dementia, usually affeeting older people but 
oeeasionally affeeting people younger than 
60. It accounts for half of all dementias; the 
other half resultfrom drug and aleohol abuse, 
infeetions, and strokes. Alzheimer disease is 
estimated to affeet 10% of all people older 
than 65 and nearly half of those older than 85. 

Alzheimer disease involves a general 
deerease in brain size that results from loss of 
neurons in the eerebral cortex. The gyri 
beeome more narrovv, and the sulci vviden. 
The frontal lobes and speeifìe regions of the 
temporal lobes are affeeted most severely. 
The symptoms include general intellectual 
defìeieney, memory loss, short attention span, 
moodiness, disorientation, and irritability. 

Loealized axonal enlargements, ealled 
amyloid (am'i-loyd) plaques, eontaining 
large amounts of (B(beta)-amyloid protein, 
form in the cortex of patients vvith Alzheimer 
disease. There is some evidenee that 
Alzheimer disease may have eharaeteristies of 


a ehronie inflammatory disease, and anti- 
inflammatory drugs have some effeet in treat- 
ing the disease. Estrogen, vvhieh affeets some 
brain functions, such as emotion, memory, 
and eognition, may be involved in the disease. 

The gene for p-amyloid protein has been 
mapped to ehromosome 21 (see ehapter 25), 
but this gene accounts for only a small por- 
tion of the eases. It is notevvorthy that people 
vvith Dovvn syndrome, vvhieh results from 
having three eopies of ehromosome 21 (tri- 
somy 21), exhibit the eortieal and other 
ehanges assoeiated vvith Alzheimer disease. 

The more eommon, late-onset form of 
the disease maps to ehromosome 19. A pro- 
tein, apolipoprotein E (ap'ó-lip-ó-pró'tèn) 
(apo E), vvhieh binds p-amyloid protein, has 
also been assoeiated vvith Alzheimer disease. 
This protein maps to the same part of ehro- 
mosome 19 as the late-onset form of 
Alzheimer disease. Apo E may also be 
involved in the regulation of yet another pro- 
tein, ealled t (tau), vvhieh is involved in miero- 
tubule formation inside neurons. If t does 
not function properly, microtubules do not 
form normally, and the t proteins beeome 
tangled vvithin the neurons, deereasing their 
function. Nitrie oxide production, vvhieh 


hippoeampiis and parahippocampus. Only small amounts of non- 
deelarative memory are lost through time. 

29 Distinguish betvveen short-term and long-term memory. What is 
eonsolidation and a memory engram? 

30 Deseribe deelarative and nondeelarative memory and give examples 
ofeaeh. 

31 Name the parts of the brain responsible for deelarative and 
nondeelarative memory. 


12.4 Effeets of Aging on the 

Nervous System 

As a person ages, sensory hmetion gradually deelines because the 
number of sensory neurons deelines, the function of remaining 
neurons deereases, and CNS proeessing deereases. In the skin, free 
nerve endings and hair folliele reeeptors remain largely unchanged 
with age. Meissner corpuscles and Paeini corpuscles, however, 
deerease in number. The capsules of those that remain beeome 
thieker and structurally distorted and therefore exhibit reduced 
fìmetion. As a result of these ehanges in Meissner corpuscles and 
Paeini corpuscles, elderly people are less conscious of something 


touching or pressing on the skin, have a deereased sense of two- 
point diserimination, and have a more diffìcult time identifying 
objeets by touch. These fìmetional ehanges leave elderly people 
more prone to skin injuries and with a greater sense of isolation. 

A loss of Paeini corpuscles also results in a deereased sense of posi- 
tion of the limbs and in the joints, which ean affeet balanee and eoor- 
dination. The fìmetions of Golgi tendon organs and muscle spindles 
also deeline with inereasing age. As a result, information on the posi- 
tion, tension, and length of tendons and muscles deereases, resulting 
in additional reduction in the senses of movement, posture, and posi- 
tion, as well as reduced eontrol and eoordination of movement. 

Other sensory neurons with reduced function include those 
that monitor blood pressure, thirst, objeets in the throat, the 
amount of urine in the urinary bladder, and the amount of feees 
in the rectum. As a result, elderly people are more prone to high 
blood pressure, dehydration, swallowing and ehoking problems, 
urinary ineontinenee, and eonstipation or bowel ineontinenee. 

There is also a general deeline in the number of motor neurons. 
As many as 50% of the lower motor neurons in the lumbar region of 
the spinal eord may be lost by age 60. Muscle fibers innervated by 
the lost motor neurons are also lost, resulting in a general deeline in 
muscle mass. The remaining motor units ean eompensate for some 
of the lost fìmetion. This, however, often results in a feeling that one 
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stimiilates eerebral blood fìow and memory 
in the brain, may help proteet eerebral blood 
vessels and brain tissue from the toxic effeets 
of p-amyloid protein. 

Epilepsy is a group of brain disorders that 
have seizure episodes in eommon. The sei- 
zure, a sudden massive neuronal diseharge, 
ean be either partial or eomplete, depending 
on the amount of brain involved and whether 
or not consciousness is impaired. A seizure 
involves a ehange in sensation, conscious- 
ness, or behavior due to brief eleetrieal dis- 
eharge in the brain. Normally, a balanee exists 
between excitation and inhibition in the 
brain. When this balanee is dismpted by 
inereased excitation or deereased inhibition, a 
seizure may result. The neuronal diseharges 
may stimulate muscles innervated by the 
neurons involved, resulting in involuntary 
muscle eontraetions, or convulsions. 

Headaehes have a variety of causes, 
which ean be grouped into two basie elasses: 
extracranial and intraeranial. Extracranial 
headaehes ean be caused by inflammation of 
the sinuses, dental irritations, temporoman- 
dibular joint disorders, ophthalmologie disor- 
ders, and tension in the rrmseles moving the 
head and neek. intraeranial headaehes may 


result from inflammation of the brain or 
meninges, vascular problems, meehanieal 
damage, or tumors. Tension headaehes are 
extracranial muscle tension, stress headaehes, 
eonsisting of a dull, steady pain in the fore- 
head, temples, and neek or throughout the 
head. Tension headaehes are assoeiated with 
stress, fatigue, and posture. Migraine head- 
aehes (migroine means half a skull) occur in 
only one side of the head and appear to 
involve the abnormal dilation and eonstrie- 
tion of blood vessels. They often start with 
distorted vision, shooting spots, and blind 
spots. Migraines eonsist of severe throbbing, 
pulsating pain. About 80% of migraine suffer- 
ers have a family history of the disorder, and 
women are affeeted four times more often 
than men.Those suffering migraines are usu- 
ally women younger than 35.The severity and 
frequency usually deerease with age. 

Dyslexia (dís-lek'sé-à) is a defeet in 
which the reading level is below that 
expected on the basis of an individual's over- 
all intelligenee. Most people with dyslexia 
have normal or above-normal intelligenee 
quotients. It is three times more eommon in 
malesthan females. As many as 10% of males 
in the Llnited States suffer from the disorder. 


The symptoms vary eonsiderably from per- 
son to person and include the transposition 
of letters in a word, confusion between the 
letters b and d, and a laek of orientation in 
three-dimensional spaee.The brains of some 
dyslexics have abnormal cellular arrange- 
ments, including eortieal disorganization 
and the appearanee of bits of gray matter in 
medullary areas. Dyslexia apparently results 
from abnormal brain development. 

Children with attention-defìeit disor- 
der (ADD) are easily distraetible, have short 
attention spans, and may shift from one 
uncompleted taskto another. ehildren with 
attention-defìeit/hyperaetivity disorder 
(ADHD) exhibit the eharaeteristies of ADD, 
but they are also fìdgety, have difficulty remain- 
ing seated and waiting their turn, engage in 
excessive talking, and eommonly intermpt 
others. About 3% of all ehildren exhibit ADHD, 
more boys than girls. Symptoms usually occur 
before age 7. The neurological basis of both 
ADD and ADHD is as yet unknown. 
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must work harder to perform aetivities that were previously not so 
difficult. Loss of motor units also leads to more rapid fatigue, as the 
remaining units must perform eompensatory work. 

Reflexes slow as people age because both the generation and the 
conduction of aetion potentials and synaptie ffinetions slow. The 
number of neurotransmitters and reeeptors deelines. Age-related 
ehanges in the CNS also slow reflexes. The more eomplieated the 
reflex, the more it is affeeted by age. As reflexes slow, older people are 
less able to reaet automatically, quickly, and accurately to ehanges in 
internal and external eonditions. 

The size and weight of the brain deerease as a person ages. At 
least some of these ehanges result from the loss of neurons within the 
eerebmm. The remaining neurons ean apparently eompensate for 
much of this loss. In addition to loss of neurons, structural ehanges 
occur in the remaining neurons. Neuron plasma membranes beeome 
more rigid, the endoplasmie reticulum beeomes more irregular in 
structure, neurofibrillar tangles develop in the eells, and amyloid 
plaques form in synapses. All these ehanges deerease the ability of 
neurons to ffinetion. Age-related ehanges in brain ffinetion ineffide 
deereased voffintary movement, conscious sensations, reflexes, mem- 
ory, and sleep. Short-term memory is deereased in most older people. 
This ehange varies greatly among individuals but, in general, such 
ehanges are slow until about age 60 and then beeome more rapid, 


espeeially after age 70. However, the total amount of memory loss is 
normally not great for most people. The most difficult information 
for older people to assimilate is that which is unfamiliar and pre- 
sented verbally and rapidly. Some of these problems may occur as 
older people are required to deal with new information in the faee of 
existing, eontradietory memories. Long-term memory appears to be 
unaffected or even improved in older people. 

As with short-term memory, thinking, which ineffides problem 
solving, planning, and intelligenee, in general deelines slowly to age 60 
but more rapidly thereafter. These ehanges, however, are slight and quite 
variable. Many older people show no ehange, and about 10% show an 
inerease in thinking ability. Many of these ehanges are impaeted by a 
persons background, education, health, motivation, and experience. 

Among older people, more time is required to fall asleep, there 
are more periods of waking during the night, and the wakeful 
periods are of greater duration. Faetors that ean affeet sleep 
ineffide pain, indigestion, rhythmie leg movements, sleep apnea, 
deereased urinary bladder eapaeity, and circulatory problems. 

32 How does aging affeet sensory function? How does loss of motor 
neurons affeet muscle mass? 

33 Does aging always produce memory loss? 









Integumentary 

System 


Skeletal 

System 


Effeets of the Nervous System 
on Other Systems 

Regulates body temperature by 
eontrolling the aetivity of sweat 
glands and blood vessels 

Stimulates arreetor pili to eontraet 

Pain awareness results in reduced 
movement of bones, allowing broken 
bones to heal 



Muscular 

System 



Endoerine 

System 



Cardiovascular 

System 


Stimulates muscle eontraetions and 
maintains muscle tone 


Controls the release of hormones from 
the hypothalamus, pituitary gland, 
and glands 

Regulates heart rate and foree of 
eontraetion 

Regulates blood vessel diameter 



Lymphatie 
System and 
lmmunity 


The nervous system stimulates and 
inhibits immunity in ways that are 
not well understood 



Respiratory 

System 


Regulates rate and depth of breathing 



Digestive 

Regulates seeretion from digestive 

System 

glands and organs 


Controls mixing and movement of 


digestive traet eontents 

Urinary 

Controls emptying of the urinary bladder 

System 

Regulates renal blood flow 

Reproductive 

Stimulates sexual responses, such as 

System 

ereetion and ejaculation in males and 


ereetion of the elitoris in females 


Effeets of Other Systems on the 
Nervous System 

Contains reeeptors for heat, eold, 
temperature, pain, pressure, and 
vibration 


Skull proteets brain 

Vertebral column proteets spinal eord 

Ear bones neeessary for normal hearing 

Reservoir for calcium, which is 
neeessary for neuronal hmetion 

Sensory reeeptors (for example, muscle 
spindles and Golgi tendon organs) 
provide information about body 
position 

Hormones affeet neuron growth and 
metabolism 


Delivers oxygen, nutrients, hormones, 
and immune eells 

Removes earbon dioxide, waste 
products, and toxins 

Cerebrospinal fluid and aqueous 
humor produced from, and returned 
to, the blood 

Contains reeeptors that monitor blood 
pressure, blood oxygen, and blood 
earbon dioxide levels 

Immune eells provide proteetion 
against mieroorganisms and toxins 
and promote tissue repair by releasing 
ehemieal mediators 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH 

The lungs eontain reeeptors that 
provide information on lung inflation 

Provides nutrients and water 


Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 

Sex hormones influence CNS 
development and sexual behaviors 
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12.1 Sensation (p.344> 

1. The senses include general senses and speeial senses. 

2. The general senses are divided into the somatie senses (touch, pressure, 
proprioeeption, temperature, and pain) and the viseeral senses (pain 
and pressure). 

3. The speeial senses are smell, taste, sight, hearing, and balanee. 

4. Sensation, or pereeption, is the conscious awareness of stimuli reeeived 
by sensory reeeptors. 

3. Sensation requires a stimulus, a reeeptor, the conduction of an aetion 
potential to the CNS, translation of the aetion potential, and 
proeessing of the aetion potential in the CNS so that the person is 
aware of the sensation. 

Sensory Reeeptors 

1. Reeeptors include meehanoreeeptors, ehemoreeeptors, photoreeeptors, 
thermoreeeptors, and noeieeptors. 

2. Free nerve endings deteet pain, temperature, iteh, and movement 
(proprioeeption). 

3. Merkel disks respond to light touch and superficial pressure. 

4. Hair folliele reeeptors wrap around the hair folliele and are involved in 
the sensation of light touch when the hair is bent. 

3. Meissner corpuscles, loeated deep to the epidermis, are responsible for 
two-point diseriminative touch. 

6. Ruffini end organs, loeated in the dermis, are involved in continuous 
touch or pressure. 

7. Paeini corpuscles, loeated in the dermis and subcutaneous tissue, deteet 
deep pressure and vibration. In joints, they serve a proprioeeptive fiinetion. 

8. Muscle spindles, loeated in skeletal muscle, are proprioeeptors. 

9. Golgi tendon organs, embedded in tendons, respond to ehanges in 
tension. 

Sensory Traets 

1. Aseending pathways earry conscious and unconscious sensations. Eaeh 
pathway earries speeifie sensory information because eaeh pathway is 
assoeiated with speeifie types of reeeptors. 

2. In the anterolateral system, 

■ The spinothalamie traet earries pain, temperature, light touch, 
pressure, tiekle, and iteh sensations. 

■ The spinothalamie traets are formed by primary neurons that enter the 
spinal eord and synapse with seeondary neurons. The seeondary 
neurons eross the spinal eord and aseend to the thalamus, where they 
synapse with tertiary neurons that projeet to the somatie sensory cortex. 

■ The spinoreticular traets aseend to the reticular formation and the 
spinomeseneephalie traets to the midbrain. They eonvey 
unconscious pain and touch information. 

3. The dorsal column/medial lemniseal system earries the sensations of 
two-point diserimination, proprioeeption, pressure, and vibration. 
Primary neurons enter the spinal eord and aseend to the medulla, 
where they synapse with seeondary neurons. Seeondary neurons 
eross over and projeet to the thalamus. Tertiary neurons extend 
from there to the somatie sensory cortex. 

4. The trigeminothalamie traet earries sensory information from the faee, 
nose, and mouth. 

5. Proprioeeption information earried to the eerebral cortex by the dorsal 
column/medial lemniseal system and trigeminothalamie traets results in 
conscious proprioeeption. Proprioeeption information earried to the 
cerebellum by spinoeerebellar traets, the dorsal column/medial lemniseal 
system, and trigeminothalamie traets results in unconscious proprioeeption. 


Sensory Areas of the eerebral Cortex 

1. Sensory pathways projeet to primary sensory areas (visual, auditory, 
olfaetory, gustatory, and somatie sensory) in the eerebral cortex. 

2. Sensory areas are organized topographieally in the somatie sensory cortex. 

Sensory Proeessing 

Assoeiation areas of the eerebral cortex proeess sensory input from the 
primary sensory areas. 

12.2 eontrol of Skeletal Muscles <p. 352 ) 

1. Lower motor neurons are found in the eranial nuclei or the anterior 
horn of the spinal eord gray matter. Upper motor neurons are loeated 
in the eerebral cortex, brainstem, and cerebellum. 

2. Upper motor neurons form traets that direetly or indireetly eontrol the 
aetivities of lower motor neurons. 

Motor Areas of the eerebral Cortex 

1. The primary motor cortex is the preeentral gyrus and is organized 
topographieally. 

2. The premotor and prefrontal areas are staging areas for motor fimetion. 

Motor Traets 

1. The direet pathways arise from the eerebral cortex. Upper motor 
neurons extend to lower motor neurons in the brainstem and spinal 
eord. The indireet pathways arise from the eerebral cortex and 
cerebellum. Upper motor neurons extend to brainstem nuclei. Axons 
from the nuclei extend to lower motor neurons. 

2. The eortieospinal traets eontrol muscle movements below the head, 
espeeially of the distal limbs, where they make fine motor eontrol of the 
fingers possible. 

■ About 75%—85% of the upper motor neurons of the eortieospinal 
traets eross over in the medulla to form the lateral eortieospinal 
traets in the spinal eord. 

■ The remaining upper motor neurons pass through the medulla to 
form the anterior eortieospinal traets, which eross over in the 
spinal eord. 

■ The upper motor neurons of both traets synapse with interneurons 
that then synapse with lower motor neurons in the spinal eord. 

3. The corticobulbar traets innervate the head muscles (except for muscles 
moving the eyes). Upper motor neurons synapse with interneurons that, 
in turn, synapse with lower motor neurons in the eranial nerve nuclei. 

4. The indireet pathways include the reticulospinal, rubrospinal, and 
vestibulospinal traets. 

5. The indireet pathways are involved in conscious and unconscious trunk 
and proximal limb muscle movements, posture, and balanee. 

Modifying and Refining Motor Aetivities 

1. Basal nuclei are important in planning, organizing, and eoordinating 
motor movements and posture. 

2. The cerebellum has three parts. 

■ The vestibulocerebellum eontrols balanee and eye movement. 

■ The spinocerebellum eorreets diserepaneies between intended 
movements and actual movements. 

■ The cerebrocerebellum ean “learn” highly speeifie complex motor 
aetivities. 

3. The cerebellum reeeives input from, and projeets to, the eontralateral 
eerebral motor cortex. The cerebellum reeeives proprioeeption input 
from the ipsilateral body. 
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12.3 Other Brain Functions <p. 358 ) 
speeeh 

1. Speeeh is loeated only in the left cortex in most people. 

2. Wernicke area eomprehends and formulates speeeh. 

3. Broea area reeeives input from Wernicke area and sends impulses to the 
premotor and motor areas, which cause the muscle movements required 
for speeeh. 

Mathematieal and Artistie Abilities 

1. In most people, the left hemisphere is dominant for speeeh and 
analytieal skills. The right hemisphere is dominant for spatial and 
musical abilities. 

2. The right and left hemispheres are eonneeted by commissures. The 
largest commissure is the corpus callosum, which allows the sharing of 
information between hemispheres. 

Brain waves and Sleep 

1. Eleetroeneephalograms (EEGs) reeord the eleetrieal aetivity of the brain 
as brain waves. 

2. Some brain disorders ean be deteeted with EEGs. 


Memory 

1. Memory ean be deseribed as short-term (seeonds to minutes) and long- 
term (days, weeks, or a lifetime). 

2. Memories are transferred from short-term to long-term memory by 
eonsolidation, which produces a memory engram. 

3. Deelarative memory deals with faets and events and ean be verbally 
expressed. Nondeelarative memory involves unconscious motor skills 
and sensory assoeiations. 

12.4 Effeets of Agng on the Nervous 

System (p. 362 ) 

1. There is a general deeline in sensory and motor functions as a person 
ages. 

2. Short-term memory is deereased in most older people. 

3. Thinking ability does not deerease in most older people. 


Review and eomprehension 


12.1 Sensation (p. 344) 

1. Noeieeptors respond to 

a. ehanges in temperature at the site of the reeeptor. 

b. eompression, bending, or stretehing of eells. 

e. painful meehanieal, ehemieal, or thermal stimuli. 

d. light striking a reeeptor eell. 

2. Which of these types of sensory reeeptors responds to pain, iteh, tiekle, 
and temperature? 

a. Merkel disks 

b. Meissner corpuscles 

e. Ruffini end organs 

d. free nerve endings 

e. Paeini corpuscles 

3. Which of these types of sensory reeeptors are involved with 
proprioeeption? 

a. free nerve endings 

b. Golgi tendon organs 
e. muscle spindles 

d. Paeini corpuscles 

e. all of the above 

4. Seeondary neurons in the spinothalamie traets synapse with tertiary 
neurons in the 

a. medulla oblongata. 

b. gray matter of the spinal eord. 
e. eerebelhim. 

d. thalamus. 

e. midbrain. 

3. If the spinothalamie traet on the right side of the spinal eord is severed, 

a. pain sensations below the damaged area on the right side are 
eliminated. 

b. pain sensations below the damaged area on the left side are 
eliminated. 

e. temperature sensations are unaffected. 

d. neither pain sensations nor temperature sensations are affeeted. 


6. Fibers of the dorsal column/medial lemniseal system 

a. earry the sensations of two-point diserimination, proprioeeption, 
pressure, and vibration. 

b. eross to the opposite side in the medulla oblongata. 

e. ineffide seeondary neurons that exit the medulla and synapse in the 
thalamus. 

d. all of the above 

7. Tertiary neurons in both the anterolateral system and the dorsal 
eoffimn/medial lemniseal system 

a. projeet to the somatie sensory cortex. 

b. eross to the opposite side in the medffila oblongata. 

e. are found in the spinal eord. 

d. eonneet to quaternary neurons in the thalamus. 

e. are part of a deseending patffivay. 

8. General sensory inputs (pain, pressure, temperature) to the eerebmm 
end in the 

a. preeentral gyrus. 

b. posteentral gyrus. 
e. eentral sulcus. 

d. corpus callosum. 

e. araehnoid mater. 

9. Neurons from which area of the body occupy the greatest area of the 
somatie sensory cortex? 

a. foot d. arm 

b. leg e. faee 

e. torso 

10. A cutaneous nerve to the hand is severed at the elbow. The distal end of 
the nerve at the elbow is then stimffiated. The person reports 

a. no sensation because the reeeptors are gone. 

b. a sensation only in the region of the elbow. 
e. a sensation “projeeted” to the hand. 

d. a vague sensation on the side of the body eontaining the cut nerve. 
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12.2 Oontrol of Skeletal Mriseles (p. 352) 

11 . Which of these areas of the eerebral cortex is involved in the motivation 
and foresight to plan and initiate movements? 

a. primary motor cortex 

b. somatie sensory cortex 
e. prefrontal area 

d. premotor area 

e. basal nuclei 

12. Which of these pathways is not an aseending (sensory) pathway? 

a. spinothalamie traet 

b. eortieospinal traet 

e. dorsal column/medial lemniseal system 

d. trigeminothalamie traet 

e. spinoeerebellar traet 

13. The_traets innervate the head muscles. 

a. eortieospinal 

b. rubrospinal 

e. vestibulospinal 

d. corticobulbar 

e. dorsal column/medial lemniseal 

14. Most fibers of the direet pathways 

a. decussate in the medulla oblongata. 

b. synapse in the pons. 

e. deseend in the rubrospinal traet. 

d. begin in the cerebellum. 

13. A person with a spinal eord injury is suffering from paresis (partial 
paralysis) in the right lower limb. Which of these pathways is probably 
involved? 

a. left lateral eortieospinal traet 

b. right lateral eortieospinal traet 

e. left dorsal column/medial lemniseal system 

d. right dorsal column/medial lemniseal system 

16. Which of these traets is a direet pathway? 

a. reticulospinal traet 

b. corticobulbar traet 

e. mbrospinal traet 

d. vestibulospinal traet 

17. The indireet pathways are eoneerned with 

a. posture. 

b. trunk movements. 

e. proximal limb movements. 

d. all of the above 

18. A major effeet of the basal nuclei is 

a. to aet as a eomparator for motor eoordination. 

b. to deerease muscle tone and inhibit unwanted muscular aetivity. 

e. to affeet emotions and emotional responses to odors. 

d. to modulate pain sensations. 

19. Which of the parts of the cerebellum is eorreetly matehed with its 
fimetion? 

a. vestibulocerebellum—planning and learning rapid, complex 
movements 

b. spinocerebellum—eomparator fimetion 

e. cerebrocerebellum—balanee 
d. none of the above 


20. Given the following events: 

1. Aetion potentials from the cerebellum go to the motor cortex and 
spinal eord. 

2. Aetion potentials from the motor cortex go to lower motor neurons 
and the cerebellum. 

3. Aetion potentials from proprioeeptors go to the cerebellum. 

Arrange the events in the order they occur in the eerebellar eomparator 
fimetion. 

a. 1,2,3 d. 2,3,1 

b. 1,3,2 e. 3,2,1 

e. 2,1,3 

12.3 Other Brain Functions (p. 358) 

21. Given these areas of the eerebral cortex: 

1. Broea area 

2. premotor area 

3. primary motor cortex 

4. Wernicke area 

If a person hears and understands a word and then says the word out 
loud, in what order are the areas used? 

a. 1,4,2,3 e. 3,1,4,2 e. 4,1,3,2 

b. 1,4,3,2 d. 4,1,2,3 

22. The main eonneetion between the right and left hemispheres of the 
eerebmm is the 

a. intermediate mass. 

b. corpus callosum. 
e. vermis. 

d. unmyelinated nuclei. 

e. thalamus. 

23. Which of these aetivities is mostly assoeiated with the left eerebral 
hemisphere in most people? 

a. sensory input from the left side of the body 

b. mathematies and speeeh 
e. spatial pereeption 

d. musical ability 

24. Concerning long-term memory, 

a. deelarative memory involves the development of skills, such as 
riding a bieyele. 

b. procedural memory involves the retention of faets, such as names, 
dates, or plaees. 

e. much of deelarative memory is lost through time. 

d. deelarative memory is stored primarily in the cerebellum and 
premotor area of the cerebrum. 

e. all of the above 

12.4 Effeets of Ag ng on the Nervous 

System (p. 302) 

23. Which of the following occur with age? 

a. Deereased numbers of sensory reeeptors results in deereased ability 
to identify objeets by touch. 

b. Loss of motor neurons results in loss of muscle fibers. 

e. Deereased speed of aetion potential propagation and synaptie 
transmission results in slower reflexes. 

d. Short-term memory is deereased in most people. 

e. all of the above 


Answers in Appendix E 
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ehapter 12 


eritieal Thinking 


1. Deseribe all the sensations involved when a woman pieks up an apple 
and bites into it. Explain which of those sensations are speeial and 
which are general. What types of reeeptors are involved? Which 
aspeets of the taste of the apple are actually taste and which are 
olfaetion? 

2. Some student nurses are at a party. Because they love anatomy and 
physiology so much, they are discussing adaptation of the speeial 
senses. They make the following observations: 

a. When entering a room, an odor like brewing eoffee is easily 
notieed. A few minutes later, the odor might be barely, if at all, 
deteetable, no matter how hard one tries to smell it. 

b. When entering a room, the sound of a tieking eloek ean be 
deteeted. Later the sound is not notieed until a conscious effort is 
made to hear it. Then it is easily heard. 

Explain the basis for eaeh of these observations. 

3. A man has eonstipation, which causes distention and painful eramping 
in his eolon. What kind of pain does he experience (loeal or diffuse) 
and where is it pereeived? Explain. 

4. A patient suffered a loss of two-point diserimination and 
proprioeeption on the right side of the body. Voluntary movement of 
muscles was not affeeted, and pain and temperature sensations were 
normal. Is it possible to conclude that the right side of the spinal eord 
was damaged? 


3. A patient is suffering from the loss of two-point diserimination and 
proprioeeptive sensations on the left side of the body resulting from a 
lesion in the thalamus. What traet is affeeted, and which side of the 
thalamus is involved? 

6. A person in a ear aeeident exhibits the following symptoms: extreme 
paresis on the right side, including the arm and leg; reduction of pain 
sensation on the left side; and normal taetile sensation on both sides. 
Which traets are damaged? Where did the patient suffer traet damage? 

7. A patient with a eerebral lesion exhibits a loss of fine motor eontrol of 
the left hand, arm, forearm, and shoulder. All other motor and sensory 
functions appear to be intaet. Deseribe the loeation of the lesion as 
preeisely as possible. 

8. Pamela is a 40-year-old woman experiencing limb weakness on her left 
side. A brain MRI shows lesions in her eerebral cortex. Which of the 
deseending pathways are affeeted by these lesions? Would you expect 
the brain lesions to appear ipsilateral or eontralateral to her limb 
weakness? Explain why. 

9. A patient suffers brain damage in an automobile aeeident. It is 
suspected that the cerebellum is the part of the brain that is affeeted. 

On the basis of what you know about eerebellar fimetion, how ean you 
determine that the cerebellum is involved? 

Answers in Appendix F 
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13.1 Olfaetion 370 



1. Deseribe the histologieal structure and function of the olfaetory 
epithelium and the olfaetory bulb. 

2. Explain how the pereeption of many different odors is possible. 

3. Deseribe the neuronal pathways for the sense of smell. 


13.2 Taste 371 

4. Deseribe the histology and function of a typieal taste bud. 

5. Name the fìve primary tastes and explain the role of smell in taste 
sensations. 

6. Deseribe the neuronal pathways for the sense of taste. 

13.3 visual System 372 

7. List the aeeessory structures of the eye, and explain their functions. 

8. Deseribe the anatomy of the eye. 

9. State the properties of light and how they relate to eye function. 

10. Deseribe the focusing system of the eye and how it adjusts to see 
distant and near objeets. 

11. Deseribe the structure of the retina, and explain how light entering 
the eye results in aetion potentials in the optie nerve. 

12. Outline the neuronal pathways for vision, and deseribe what 
happens to images from eaeh half of the visual fìelds. 

13.4 Hearing and Balanee 389 

13. Deseribe the structures of the outer ear, middle ear, and eoehlea of 
the inner ear, and state their functions. 

14. Deseribe the properties of sound and how they are deteeted by the 
eoehlea. 

15. Deseribe the neuronal pathways for hearing. 

16. Explain how the vestibule and semicircular eanals of the inner ear 
are involved with statie and dynamie balanee. 

17. Deseribe the neuronal pathways for balanee. 


13.5 Effeets of Aging on the Speeial Senses 401 

18. Discuss the age-related ehanges that occur in the speeial senses 


Photograph of an isolated eoehlea from the inner ear. 
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ehapter 13 


lntroduction 

H istorieally, it was thought that we had just five senses: 

smell, taste, sight, hearing, and touch. Today we reeog- 
nize many more. Some speeialists suggest that there are 
at least 20, or perhaps as many as 40, difFerent senses. Most of 
these senses are part of what was originally elassified as a touch.” 
These “general senses” were discussed in ehapter 12. The sense of 
balanee is now reeognized as a “speeial sense,” making a total of 
five speeial senses: smell, taste, sight, hearing, and balanee. 

Speeial senses are defined as senses with highly loealized 
reeeptors that provide speeifie information about the environ- 
ment. The sensations of smell and taste are elosely related, both 
structurally and fimetionally, and they are both initiated by the 
interaetion of ehemieals with sensory reeeptors. The sense of 
vision is initiated by the interaetion of light with sensory reeep- 
tors. Both hearing and balanee fimetion in response to the inter- 
aetion of meehanieal stimuli with sensory reeeptors. ffearing 
occurs in response to sound waves, and balanee occurs in 
response to gravity or motion. 


13.1 Olfaetion 

Olfaetion (ol-fak'shun, to smell) is the sense of smell. It occurs in 
response to airborne molecules ealled odorants (ò'dór-ants, mole- 
cules with an odor) entering the nasal eavity. 

Olfaetory Epitheliiim and Bulb 

A small superior part of the nasal eavity is lined with olfaetory epi- 
thelium (figure 13.1). Ten million olfaetory neurons are present 
within the olfaetory epithelium. Olfaetory neurons are bipolar neu- 
rons with dendrites extending to the epithelial surface of the nasal 
eavity. The ends of the dendrites are modified into bulbous enlarge- 
ments with long, speeialized eilia, ealled olfaetory hairs, which lie in 
a thin mucous film on the epithelial surface. The mucus keeps the 
nasal epithelium moist, traps and dissolves molecules, and faeilitates 
the removal of molecules and partieles from the olfaetory epithelium. 

Airborne odorants beeome dissolved in the mucus on the sur- 
faee of the epithelium and bind to molecules on the membranes of 
the olfaetory hairs ealled olfaetory reeeptors. The odorants must 
first be dissolved in fluid in order to reaeh the olfaetory reeeptors. 
When an odorant binds to its reeeptor, a G protein assoeiated with 
the reeeptor is aetivated (G proteins are discussed in ehapter 13). As 
a result of aetivation of the G protein, Na + and Ca 2+ ehannels in the 
membrane open. The influx of ions into the olfaetory hairs results in 
depolarization and the production of aetion potentials in the olfae- 
tory neurons. Onee an odorant binds to its reeeptor, however, the 
reeeptor aeeommodates (see ehapter 12) and does not respond to 
another odorant for some time. 


Prediet 



Why is it helpful to sniff when trying to identify an odor? 


The threshold for the deteetion of odors is very low, so very few 
odorants bound to an olfaetory neuron ean initiate an aetion poten- 
tial. Methylmereaptan, which has a nauseating odor similar to that of 
rotten eabbage, is added to narnral gas at a eoneentration of about one 
part per million. A person ean deteet the odor of about 1/25 billionth 
of a milligram of the substance and therefore is aware of the presenee 
of the more dangerous but odorless natural gas. 

There are approximately 1000 different odorant reeeptors, which 
ean reaet to odorants of different sizes, shapes, and fimetional groups. 
The average person ean distinguish among approximately 4000 differ- 
ent smells. It has been proposed that the wide variety of deteetable 
odors are aemally eombinations of a smaller number of primary 
odors. The seven primary odors are camphoraceous (e.g., moth balls), 
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Figure 13.1 Olfaetory Region, Epithelium, and Bulb ap r 

(a) The lateral wall of the nasal eavity (cut in sagittal seetion), showing the 
olfaetory nerves, olfaetory bulb, and olfaetory traet. (b) The olfaetory eells 
within the olfaetory epithelium, the axons of olfaetory neurons passing through 
the eribriform plate, and the fine structure of the olfaetory bulb. 
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musky, floral, pepperminty, ethereal (e.g., fresh pears), pungent, and 
putrid. It is very unlikely, however, that this list is an accurate represen- 
tation of all primary odors, and some studies point to the possibility of 
as many as 50 primary odors. 



Odor Siirvey Results 

The National Geographie Soeiety conducted a smell survey in 
1986, which is the largest sampling of its kind ever conducted. One 
and a half million people partieipated. Of six odors studied, 98%- 
99% of those responding could smell isoamyl aeetate (banana), 
eugenol (eloves), mereaptans, and rose, but 29% could not smell 
galaxolide (musk), and 35% could not smell androsterone (eon- 
tained in sweat). Of those responding to the survey, 1.2% could not 
smell at all, a disorder ealled anosmia (an-oz'mé-à). 

The primary olfaetory neurons have the most exposed nerve 
endings of any neurons, and they are eonstantly being replaeed. The 
entire olfaetory epithelium, including the neurons, is lost about every 
2 months as the olfaetory epithelium degenerates and is lost from the 
surface. Lost olfaetory eells are replaeed by a proliferation of basal 
eells in the olfaetory epithelium. This replaeement of olfaetory neu- 
rons is very unusual among neurons, most of which are permanent 
eells that have a very limited ability to replieate (see ehapter 4). 

1 VVhere are olfaetory neurons and olfaetory reeeptors loeated? VVhat 
are odorants? 

2 Deseribe the initiation of an aetion potential in an olfaetory neuron. 

3 How do the primary odors relate to the ability to smell many different 
odors? 

4 VVhat isthefunction of basal eells? 

Neiironal Pathways for Olfaetion 

Axons from olfaetory neurons form the olfaetory nerves (I), which 
pass through the olfaetory foramina of the eribriform plate and enter 
the olfaetory bulb (see figure 13.1^). There they synapse with inter- 
neurons that relay aetion potentials to the brain through the 
olfaetory traets. Eaeh olfaetory traet terminates in the olfaetory 
cortex and the amygdala in the temporal lobe. It is here that the 
sensation of smell is pereeived. The olfaetory cortex is part of the 
limbie system, projeeting to the hypothalamus, amygdala, and hip- 
pocampus of the eerebmm. Odors ean produce strong emotional 
reaetions, memories, and other responses. For example, the perfume 
or eologne of a loved one ean evoke good feelings, and memories and 
food odors ean cause salivation and hunger. 

Within the olfaetory bulb and olfaetory cortex, feedbaek loops 
occur that tend to inhibit transmission of aetion potentials resulting 
from prolonged exposure to a given odorant. This feedbaek, plus the 
temporary deereased sensitivity at the level of the reeeptors, results in 
adaptation to a given odor. For example, if you enter a room that has 
an odor, you are aware of the odor, but you adapt to the odor and 
eannot smell it as well after the first few minutes. If you leave the 
room for some time and then reenter the room, the odor again seems 
more intense. 


5 How are the olfaetory bulbs related to the olfaetory nerves and 
olfaetory cortex? 

6 Explain how smell ean elieit various conscious and viseeral responses. 

13.2 Taste 

The sensory structures that deteet taste stimuli are the taste buds. 
They are oval structures embedded in the epithelium of the tongue 
and mouth. Most taste buds are loeated in the epithelium of papillae 
(pà-piFé, nipples) which are small, raised areas on the surface of the 
tongue (figure 13.2). Taste buds are also loeated on other areas of the 
tongue, the palate, and even the lips and throat, espeeially in ehil- 
dren. There are four types of papillae, elassified aeeording to their 
shape, and three of them have taste buds. The most numerous papil- 
lae on the surface of the tongue have no taste buds. They provide a 
rough surface, enabling the tongue to manipulate food more easily. 

Histology of Taste Buds 

Eaeh of the 10,000 taste buds on a person’s tongue eonsists of three 
major types of speeialized epithelial eells. The sensory eells of eaeh 
taste bud eonsist of about 50 taste eells (see figure 13.2). Eaeh taste 
eell has several mierovilli, ealled taste hairs, extending from its apex 
into a tiny opening in the epithelium ealled the taste pore. The 
remaining two nonsensory eell types are basal eells and supporting 
eells. Like olfaetory eells, the eells of the taste buds are replaeed eon- 
tinuously, eaeh having a normal life span of about 10 days. 

Function of Taste 

Substances ealled tastants (tàs'tants) dissolve in saliva, enter the taste 
pores, and by various meehanisms cause the taste eells to depolarize. For 
example, the diffiision of the positively eharged ions Na + and H + into 
the taste eells causes depolarization. The binding of tastants to reeeptors 
on the taste hairs aetivates G proteins (see ehapter 15), which results in 
depolarization by causing Ca2 + ehannels to open or K + ehannels to 
elose. When the taste eells depolarize, they release neurotransmitters 
that diffuse to sensory neurons assoeiated with the taste eells. The neu- 
rotransmitters stimulate aetion potentials in the sensory neurons, which 
are conducted to the brain, where the sense of taste is pereeived. 

Five primary tastes have been identified in humans: salty, sour, 
sweet, bitter, and umami (u-ma'mè, a Japanese term loosely translated 
as savory). The salty taste is stimulated by Na + ; sour by aeids; sweet by 
sugars, some other earbohydrates, and some proteins; bitter by alkaloids 
(bases); and umami by the amino aeid glutamate and related eom- 
pounds. The umami taste sensation is most intense when coupled with 
the salty taste, henee the popularity of adding salt to tomatoes, ketchup, 
soy sauce, and the food additive monosodium glutamate (MSG). 

Even though only five primary tastes have been identified, humans 
ean pereeive a fairly large number of different tastes, presumably by 
eombining the five basie taste sensations. As with olfaetion, the speeifie- 
ity of the reeeptor molecules is not perfeet. For example, artifieial sweet- 
eners have different ehemieal structures than the sugars they are 
designed to replaee, and some are many times more powerful than 
natural sugars in stimulating taste sensations. 

Although all taste buds are able to respond to all five of the basie 
taste stimuli, eaeh taste bud is usually most sensitive to one elass of taste 
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Figure 13.2 Tongue, Papillae, and Taste Buds 

(a) Surface of the tongue. (b) A papilla. (e) A taste bud. 


stimuli. Thresholds for the five primary taste stimuli vary. Sensitivity for 
bitter substances is the highest. Many alkaloids are poisonous, and the 
high sensitivity for bitter tastes may be proteetive because of the avoid- 
anee of bitter foods. On the other hand, humans tend to erave sweet, 
salty, and umami tastes, perhaps in response to the body’s need for 
sugars, earbohydrates, proteins, and minerals. 


Aeeommodation to taste stimuli occurs rapidly. This adaptation 
occurs at the level of the taste bud and within the CNS. Adaptation 
may begin within 1 or 2 seeonds after a taste sensation is pereeived, and 
eomplete adaptation may occur within 5 minutes. 

Many of the sensations thought of as being taste are strongly 
influenced by olfaetory sensations. This phenomenon ean be demon- 
strated by pinehing one’s nose to elose the nasal passages while trying 
to taste something. With olfaetion bloeked, it is difficult to distin- 
guish between the taste of a pieee of apple and the taste of potato. 
Much of the “taste” is lost by this aetion. This is one reason that a 
person with a eold has a reduced sensation of taste. 

The tongue ean deteet other stimuli besides taste, such as tem- 
perature and texture, and these stimuli ean influence the sensation of 
taste. Food served at the wrong temperamre is pereeived as distaste- 
ful. Stimulation of hot reeeptors by eapsaiein or blaek pepper is 
interpreted as hot or spiey, and stirmilation of eold reeeptors is per- 
eeived as fresh or minty. 

Neuronal Pathvvays for Taste 

Axons of the sensory neurons assoeiated with taste eells eombine and 
contribute to eranial nerves. Taste from the anterior two-thirds of the 
tongue is earried by a braneh of the faeial nerve (VII) ealled the 
ehorda tympani (kòr'dà tim'pà-né, so named because it erosses over 
the surface of the tympanie membrane of the middle ear). Taste from 
the posterior one-third of the tongue and the superior pharynx is 
earried by means of the glossopharyngeal nerve (IX). In addition to 
these two major nerves, the vagus nerve (X) earries a few fibers for 
taste sensation from the epiglottis. 

These nerves extend from the taste buds to nuclei in the medulla 
oblongata. Fibers from these nuclei decussate and extend to the 
thalamus. Neurons from the thalamus projeet to the gustatory area 
of the insula and frontal cortex. 

7 VVhere are taste buds loeated? Deseribe the structure of a taste bud. 

8 Deseribe how tastants ean cause the production of aetion potentials 
in sensory neurons. 

9 VVhat arethefive primary tastes? 

10 How is the sense of taste related to the sense of smell and other 
sensations, such as temperature? 

11 Deseribe the neuronal pathway for taste. 


13.3 Visual System 

The visual system includes the eyes, the aeeessory structures, and the 
sensory neurons that projeet to the eerebral cortex where aetion poten- 
tials eonveying visual information are interpreted. The eye eonsists of 
the eyeball, or globe of the eye, and the optie nerve. Much of the 
information we obtain about the world around us is deteeted by the 
visual system. Our education is largely based on visual input and 
depends on our ability to read words and numbers. Visual input 
includes information about light and dark, movement, eolor, and hue. 

Aeeessory Structures 

Aeeessory structures proteet, lubricate, and move the eye. They include 
the eyebrows, eyelids, conjunctiva, laerimal apparatus, and extrinsic 
eye muscles. 
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Eyebrows 

The eyebrows are curved lines of hair over the orbit (figure 13.3). 
They proteet the eyes by preventing perspiration, which ean irritate 
the eyes, from rnnning down the forehead and into them, and they 
help shade the eyes from direet sunlight. 

Eyelids 

The eyelids are moveable folds eovering the anterior surface of the eye 
when elosed (see figure 13.3). The upper and lower eyelids meet at the 
medial and lateral angles of the eye. The medial angle eontains a small, 
reddish-pink mound ealled the caruncle (kar'ung-kl, mound of tissue). 
The eamnele eontains some modified sebaceous and sweat glands. 

The eyelids eonsist of five layers of tissue (figure 13.4). From the 
outer to the inner surface, they are (1) a thin layer of skin on the exter- 
nal surface; (2) a thin layer of loose eonneetive tissue; (3) a layer of 
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Figlire 13.3 The Left Eye and Its Aeeessory Structures 


skeletal muscle eonsisting of the orbicularis oculi and levator palpebrae 
superioris muscles; (4) a ereseent-shaped layer of dense eonneetive tis- 
sue ealled the tarsal (tar'sàl) plate, which helps maintain the shape of 
the eyelid; and (3) the conjunctiva (deseribed in the next seetion). 

The eyelids, with their assoeiated lashes, proteet the eyes from 
foreign objeets. If an objeet suddenly approaehes the eye, the eyelids 
proteet the eye by rapidly elosing and then opening, a response ealled 
the blink reflex. Blinking, which normally occurs about 23 times per 
minute, also helps keep the eye lubricated by spreading tears over the 
surface. Movements of the eyelids are a fimetion of skeletal muscles. 
The orbicularis oculi muscle eloses the lids, and the levator palpebrae 
superioris elevates the upper lid. The eyelids also help regulate the 
amount of light entering the eye. 

Eyelashes are attaehed as a double or triple row of hairs to the 
free edges of the eyelids (see figure 13.3). Ciliary glands are modified 
sweat glands that open into the hair follieles of the eyelashes to keep 
them lubricated. When one of these glands beeomes inflamed, it is 
ealled a sty. Tarsal glands, or meibomian (ml-bò'mé-an) glands, 
are sebaceous glands near the inner margins of the eyelids. They 
produce sebum (sé'biàm), an oily, semifluid substance that lubricates 
the lids and restrains tears from flowing over the margin of the eye- 
lids. An infeetion or a bloekage of a tarsal gland is ealled a ehalazion 
(ka-là'zé-on), or meibomian eyst. 

Conjunctiva 

The conjunctiva (kon-junk-tl'và, to bind together) (see figure 13.4) 
is a thin, transparent mucous membrane. It eovers the inner surface 
of the eyelids and the anterior white surface of the eye. The eon- 
junctiva reduces frietion as the eyelids move over the surface of the 
eye. It also is a barrier to the entry of mieroorganisms. 
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Figlire 13.4 Sagittal Seetion Through the Eye, Shovving Its Aeeessory Structures 
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1. Tears are produced in the 
laerimal gland and exit the gland 
through several laerimal ducts. 


2. The tears pass over the surface 
of the eye. 

3. Tears enter the laerimal 
canaliculi. 


4. Tears are earried through the 
nasolaerimal duct to the nasal 
eavity. 


Proeess Figure 13.5 Laerimal Apparatus 


Laerimal 

canaliculi 



Laerimal 

gland 


Laerimal 

ducts 








Conjunctivitis 


Conjunctivitis is an inflammation of the conjunctiva caused by an 
infeetion or another irritation. An example of conjunctivitis caused by 
a bacterium is acute contagious conjunctivitis, also ealled pinkeye. 


Laerimal Apparatus 

The laerimal (lak'ri-màl, tear) apparatus (figure 13.5) eonsists of a 
laerimal gland, laerimal canaliculi, and a nasolaerimal duct. Tfie lae- 
rimal apparatus produces tears, releases the tears onto the surface of 
the eye, and removes excess tears from the surface. 

The laerimal gland is in the superolateral eorner of the orbit and 
is innervated by parasympathetie fibers from the faeial nerve (VII). 
The laerimal gland produces tears, which leave the gland through 
several laerimal ducts and pass over the anterior surface of the eye- 
ball. The laerimal gland produces tears eonstantly at the rate of about 
1 mL/day to moisten the surface of the eye, lubricate the eyelids, and 
wash away foreign objeets. Tears are mostly water, with some salts, 


mucus, and lysozyme, an enzyme that kills eertain baeteria. Most of 
the fluid produced by the laerimal glands evaporates from the surface 
of the eye, but excess tears are eolleeted in the medial eorner of the eye 
by small tubes ealled the laerimal canaliculi (kan-à-lik'u-ll, little 
eanal). One laerimal canaliculus opens on the inner, medial surface of 
the upper eyelid, and the other laerimal canaliculus opens on the 
inner, medial surface of the lower eyelid. The laerimal canaliculi eon- 
neet to the nasolaerimal duct, which opens into the inferior meatus 
of the nasal eavity beneath the inferior nasal eoneha. 


Prediet 



Explain why it is often possible to"taste"medications, such as eye drops, that 
have been plaeed into the eyes. Why does a person's nose"run"when he or 
she eries? 


Extrinsic Eye Muscles 

The extrinsic eye muscles attaeh to the outside of the eyeball and 
cause it to move (table 13.1 and figure 13.6). There are four rectus 
muscles, the superior, inferior, medial, and lateral rectus muscles. 


Table 13.1 


Muscles Moving the Eye 


Muscle 

Origin 

Insertion 

Nerve 

Aetion 

Rectus 

Inferior 

Common tendinous ring 

Selera of eye 

Oculomotor 

Depresses and medially deviates gaze 

Lateral 

Common tendinous ring 

Selera of eye 

Abducent 

Laterally deviates gaze 

Medial 

Common tendinous ring 

Selera of eye 

Oculomotor 

Medially deviates gaze 

Superior 

Common tendinous ring 

Selera of eye 

Oculomotor 

Elevates and medially deviates gaze 

Oblique 

Inferior 

Orbital plate of maxilla 

Selera of eye 

Oculomotor 

Elevates and laterally deviates gaze 

Superior 

Common tendinous ring 

Selera of eye 

Troehlear 

Depresses and laterally deviates gaze 
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(a) Superior view 
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(b) Lateral view 



Figlire 13.6 Extrinsic Eye Muscles of the Right Eye RI 


Rectus means straight, and the fibers of these mtiseles are nearly 
straight with the anterior-posterior axis of the eyeball. There are two 
oblique muscles, the superior and inferior oblique imiseles, so 
named because they are at an angle to the axis of the eyeball. 

The movements of the eye ean be deseribed graphieally by a 
figure resembling the letter H. The elinieal test for normal eye move- 
ment is therefore ealled the H test. A person’s inability to move the 
eye toward one part of the H may indieate dysfimetion of an extrin- 
sie eye muscle or the eranial nerve to the muscle. 

The superior oblique muscle is innervated by the troehlear nerve 
(IV). The nerve is so named because the superior oblique muscle goes 
around a little pulley, or troehlea, in the superomedial eorner of the orbit. 
The lateral rectus muscle is innervated by the abducent nerve (VI), so 
named because the lateral rectus muscle abducts the eye. The other four 
extrinsic eye muscles are innervated by the oculomotor nerve (III). 

12 Deseribe and state the functions of the eyebrows, eyelids, 
conjunctiva, laerimal apparatus, and extrinsic eye muscles. 


Anatomy of the Eye 

The eyeball is eomposed of three layers. From superficial to deep they 
are the fibrous layer, vascular layer, and retina (figure 13.7). The 
fibrous layer eonsists of the selera and eornea; the vascular layer eon- 
sists of the ehoroid, eiliary body, and iris. 

Fibrous Layer 

The selera (sklér'à, hard) is the firm, opaque, white, outer layer of the 
posterior five-sixths of the eyeball (see figure 13.7). It eonsists of dense 
collagenous eonneetive tissue with elastie fibers. The selera helps main- 
tain the shape of the eyeball, proteets its internal structures, and pro- 
vides an attaehment point for the extrinsic eye muscles. A small portion 
of the selera ean be seen as the a white of the eye” (see figure 13.3). 

The selera is continuous with the eornea (kòr'né-à, hornlike), 
the anterior sixth of the eyeball (see figure 13.7). The eornea is avas- 
cular and transparent, permitting light to enter the eye. The focusing 
system of the eye refraets, or bends, light and focuses it on the nervous 
layer (retina) (see “Focusing System of the Eye,” p. 379). The eornea 
is responsible for most of the refraetion of light entering the eye. 
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Figlire 13.7 Sagittal Seetion of the Eye, Demonstrating the Layers of the Eyeball ap:r 


The eornea eonsists of a eonneetive tissue matrix eontaining 
eollagen, elastie fibers, and proteoglyeans, with a layer of stratified 
squamous epithelium eovering the outer surface and a layer of sim- 
ple squamous epithelium on the inner surface. The outer epithelium 
is continuous with the conjunctiva over the selera. The transpareney 
of the eornea results from its low water eontent. In the presenee of 
water, proteoglyeans trap water and expand, which seatters light. In 
the absenee of water, the proteoglyeans deerease in size and do not 
interfere with the passage of light through the matrix. 


eornea 

The eentral part of the eornea reeeives oxygen from the outside 
air. Soft plastie eontaet lenses worn for long periods must therefore 
be permeable so that air ean reaeh the eornea. 

The most eommon eye injuries are cuts or tears of the eornea 
caused by foreign objeets, stones or stieks, hitting the eornea. 
Extensive injury to the eornea may cause eonneetive tissue deposi- 
tion, thereby making the eornea opaque. 

The eornea was one of the first organs to be transplanted. 
Several eharaeteristies make it relatively easy to transplant: It is easily 
aeeessible and relatively easily removed; it is avascular and therefore 
does not require extensive circulation, as do other tissues; and it is 
less imrrmnologieally aetive and therefore less likely to be rejeeted 
than are other tissues. 


13 What part of the eyeball is the selera and eornea? What are their 
functions? 


Prediet 



Prediet the effeet of eorneal inflammation on vision. 


vascular Layer 

The vascular layer of the eye is so named because it eontains most of the 
blood vessels of the eye. The posterior portion of the vascular layer, asso- 
eiated with the selera, is the ehoroid (kò'royd, like a membrane) (see 
figure 13.7). This is a very thin structure eonsisting of a vascular network 
and many melanin-eontaining pigment eells so that it appears blaek in 
eolor. The blaek eolor absorbs light so that it is not refleeted inside the 
eye. If light were refleeted inside the eye, the refleetion would interfere 
with vision. The interiors of eameras are blaek for the same reason. 

The ehoroid is continuous anteriorly with the eiliary (sil'é-ar-é, 
like an eyelash) body, which eonsists of an outer eiliary ring and an 
inner group of eiliary proeesses (figure 13.8^ and b). The eiliary ring 
and the base of the eiliary proeesses eontain smooth muscle ealled 
eiliary miiseles. Suspensory ligaments attaeh the eiliary ring and pro- 
eesses to the lens of the eye, and eontraetion of the eiliary muscles ean 
ehange the shape of the lens (see “Aeeommodation,” p. 380). The eiliary 
proeess also produces aqueous humor (see “Chambers of the Eye,” p. 378). 

The eiliary body is continuous anteriorly with the iris of the eye, 
which is the “eolored part” of the eye (see figures 13.3 and 13.8 a). The 
iris is a eontraetile structure, eonsisting mainly of smooth muscle, sur- 
rounding an opening ealled the pupil (see figure 13.7). Light enters the 
eye through the pupil, and the iris regulates the amount of light by 
eontrolling the size of the pupil. The iris eontains two groups of smooth 
muscles: a circular group ealled the sphineter pupillae (pu-piré) and a 
radial group ealled the dilator pupillae (figure 13.8c and d). The 
sphineter pupillae are innervated by parasympathetie fibers from the 
oculomotor nerve (III). When they eontraet, the pupil eonstriets and 
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Figlire 13.8 eiliary Body, Lens, iris, and eornea 

(a) Sagittal seetion of the eye. (b) The lens and eiliary body. (e) The sphineter pupillae muscles of the iris eonstriet the pupil. (d) The dilator pupillae muscles of the iris 
dilatethe pupil. 


less light enters the eye. The dilator ptipillae are innervated by sympa- 
thetie fibers. When they eontraet, the pupil dilates and more light enters 
the eye. The eiliary muscles, sphineter pupillae, and dilator pupillae are 
sometimes referred to as the intrinsie eye muscles. 

The eolor of the eye differs from person to person. A large 
amount of melanin in the iris causes it to appear brown or even blaek. 
Less melanin results in light brown, green, or gray irises. Even less 
melanin causes the eyes to appear blue. If there is no pigment in the 
iris, as in albinism, the iris is pink because blood vessels in the eye 
refleet light baek to the iris. The geneties of eye eolor is quite complex. 
A gene on ehromosome 15 and another on ehromosome 19 affeet eye 


eolor, but other genes, not yet identified, are postulated to explain 
complex eye eolors and patterns. 

Despite its appearanee as a solid blaek disk (see figure 13.3), the 
pupil is not a solid structure but, rather, is an opening. It appears 
blaek because light entering the eye through the pupil is absorbed by 
the ehoroid and retina and is not refleeted baek out of the pupil. The 
absenee of light is the eolor blaek. It is like looking down a halhvay 
into a dark room. If a bright light is direeted into the pupil, however, 
the refleeted light is red because of the blood vessels on the surface of 
the retina. This is why the pupils of a person looking direetly at a flash 
eamera often appear red in a photograph. 
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14 VVhere is the ehoroid loeated and what is its function? 

15 Deseribe the loeation and structure of the eiliary body. 
Give two functions of the eiliary body. 

16 VVhat are the iris and the pupil? How does the iris eontrol 
the amount of light entering the eye through the pupil? 

17 VVhat determines the eolor of the iris? 


only axons and no photoreeeptor eells. Therefore, it does not respond 
to light and is ealled the blind spot of the eye. See figure 13.9^ for a 
simple test demonstrating the blind spot. 

18 VVhat are the macula, fovea eentralis, and optie dise? How do they 
respond to light? 


Retina 

The retina is the inner layer of the eye, eovering the inner surface of 
the eye posterior to the eiliary body (see figure 13.7). The retina has 
over 126 million photoreeeptor eells, which respond to light (see 
“Structure and Function of the Retina,” p. 381). As a result, aetion 
potentials are generated and conducted by the optie nerve (II) out of 
the eye to the eerebral cortex, where the sense of vision takes plaee. 

When the posterior region of the retina is examined with an 
ophthalmoseope (of-thal'mó-skòp) (figure 13.9), several important 
features ean be observed. Near the eenter of the posterior retina is a 
small, yellow spot approximately 4 mm in diameter, the macula 
(mak'u-là, a spot). In the eenter of the macula is a small pit, the fovea 
(fò'vé-à) eentralis. The fovea, followed by the macula, has the highest 
eoneentration of photoreeeptor eells in the retina. Thus, they are the 
part of the retina most sensitive to light. Just medial to the macula is 
a white spot, the optie dise, through which the eentral retinal artery 
enters and the eentral retinal vein exits the eyeball. Branehes from 
these vessels spread over the surface of the retina. The optie dise is also 
the plaee where axons from the neurons of the retina eonverge to form 
the optie nerve, which exits the posterior eye. The optie dise eontains 
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Figure 13.9 ophthalmoseopie View of the Left Retina 

(a)The posterior wall of the retina as seen when looking through the pupil. 
Notiee the vessels entering the eye through the optie dise (the optie nerve) and 
the macula with the fovea eentralis. (b) Demonstration of the blind spot. Close 
your right eye. Hold the figure in front of your left eye and stare at the +. Move 
the figure toward your eye. At a eertain point, when the image of the spot is 
over the optie dise, the red spot seems to disappear. 


ehambers of the Eye 

The interior of the eye is divided into three ehambers: anterior 
ehamber, posterior ehamber, and vitreous (vit'rè-iís, glassy) ehamber 
(see figures 13.7 and 13.8 a). The anterior and posterior ehambers are 
loeated between the eornea and the lens. The iris separates the anterior 
ehamber from the posterior ehamber, which are continuous with 
eaeh other through the pupil. The much larger vitreous ehamber is 
posterior to the lens. 

A fluid ealled aqueous humor fills the anterior and posterior 
ehambers. Aqueous humor helps maintain intraocular pressure, 
which keeps the eyeball inflated and is largely responsible for main- 
taining the shape of the eyeball. The aqueous humor also refraets 
light and provides nutrition for the structures of the anterior eham- 
ber, such as the eornea, which has no blood vessels. Aqueous humor 
is produced by the eiliary proeesses as a blood filtrate and is returned 
to the circulation through a venous ring ealled the seleral venous 
sinus (eanal of Sehlemm) (shlem), which is loeated at the junction 
of the selera and eornea (see figure 13.8^). The production and 
removal of aqueous humor result in the a circulation” of aqueous 
humor and maintenanee of a eonstant intraocular pressure. 
Glaucoma (glaw-kò'mà) is an abnormal inerease in intraocular pres- 
sure that results when the rate of production of aqueous humor 
exceeds its rate of removal. 

A transparent, jellylike substance ealled vitreous humor fills the 
vitreous ehamber. The vitreous humor helps maintain intraocular 
pressure and therefore the shape of the eyeball, and it holds the lens 
and retina in plaee. It also fimetions in the refraetion of light in the 
eye. Vitreous humor is not produced as rapidly as is the aqueous 
humor, and its turnover is extremely slow. 

19 Name the three ehambers of the eye, deseribe their loeations, and 
state the substances in them. 

Lens 

The lens is an avascular, transparent, biconvex disk loeated behind 
the pupil (see figure 13.7). Biconvex means that eaeh side of the lens 
bulges outward. The lens is part of the focusing system of the eye, 
and light passing through the lens is focused on the retina. The lens 
is a flexible structure, and ehanging the shape of the lens is involved 
with adjusting the focus of light. 

The lens eonsists of a layer of cuboidal epithelial eells on its 
anterior surface and a posterior region of very long, columnar epithe- 
lial eells ealled lens fibers. Cells from the anterior epithelium prolif- 
erate and give rise to the lens fibers. The lens fibers lose their nuclei 
and other cellular organelles and accumulate a set of proteins ealled 
erystallines. A highly elastie, transparent lens capsule surrounds the 
lens (see figure 13.8^). The suspensory ligaments eonneet the lens 
capsule to the eiliary body. Through the lens capsule and the suspen- 
sory ligaments, the eiliary body ean ehange the shape of the lens. 
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20 Deseribe the loeation and structure of the lens of the eye. What is the 
function of the lens? 

21 What is the lens capsule and how is it eonneeted to the eiliary body? 

Functions of the eomplete Eye 

The eye reeeives light and produces aetion potentials. When the brain 
interprets the aetion potentials, vision results. 

Properties of Light 

The eleetromagnetie speetmm is the entire range of wavelengths, or 
frequencies, of eleetromagnetie radiation. Gamma waves have the short- 
est wavelength and radio waves the longest wavelength (figure 13.10). 
Visible light, the portion of the eleetromagnetie speetmm that ean be 
deteeted by the human eye, is a small part of the eleetromagnetie spee- 
trum. Within the visible speetmm, eaeh eolor has a different wavelength. 

An important eharaeteristie of light is that it ean be refraeted, or 
bent. As light passes from air to a denser substance, such as glass or 
water, its speed is reduced. If the surface of that substance is at an angle 
other than 90 degrees to the direetion the light rays are traveling, the 
rays are bent as a result of variation in the speed of light as it encounters 
the new medium. This bending of light is ealled refraetion. The 
greater the curvature of the surface, the greater is the refraetion of light. 

If the surface of a lens is eoneave, with the lens thinnest in the 
eenter, the light rays diverge as a result of refraetion. If the surface is 
convex, with the lens thiekest in the eenter, the light rays eonverge. 
As light rays eonverge, they finally reaeh a point at which they eross. 
This point is ealled the foeal point (FP), and causing light to eon- 
verge is ealled focusing. 

If light rays strike an objeet that is not transparent, they bounce 
off the surface. This phenomenon is ealled refleetion. The images we 
see result from light refleeted from objeets. 


22 Define visible light, refraetion, foealpoint, foeiising, and refleetion. 

Foeiising System of the Eye 

Light entering the eye passes through the focusing system of the eye 
to strike the retina. The focusing system of the eye, which refraets 
light, is the eornea, aqueous humor, lens, and vitreous humor. Light 
passing through the focusing system is refraeted, producing a foeal 
point (figure 13.1 \d). No image is produced at the foeal point, how- 
ever. Past the foeal point is a plaee where the image passing through 
the focusing system ean be elearly seen. In a normal eye, the focused 
image falls on the retina. The image is inverted and reversed right to 
left because the light rays eross at the foeal point. 


a 



visual image inversion 

The image of the world focused on the retina is upside down 
because the visual image is inverted when it reaehes the retina. The 
brain proeesses information from the retina so that the world is per- 
eeived the way"it really is."lf a person wears glasses that invert the image 
entering the eye, he or she will see the world upside down for a few 
days, after which time the brain adjusts to the new input to set the world 
right side up again. If the glasses are then removed, another adjustment 
period is required before the world is made right by the brain. 

The eornea and lens are the most important elements of the focus- 
ing system of the eye. The eornea is responsible for most of the refrae- 
tion of light because the greatest eontrast in media density is between 
the air and the eornea. The shape of the eornea and its distanee from 
the retina are fixed, however, so that no adjustment in the loeation of 
the focused image ean be made by the eornea. Fine adjustments to the 


inereasing energy « 




Figure 13.10 Eleetromagnetie Speetmm 

Visible light is pulled out of the eleetromagnetie spectrum and expanded.The wavelengths of the various eolors are also depieted. 
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Figure 13.11 Focus and Aeeommodation by the Eye 

The foeal point (FP) is vvhere light rays eross. (a) Distant vision. The lens is 
flattened, and the image is focused on the retina. (b) Aeeommodation for near 
vision.The lens is more rounded, and the image is focused on the retina. 


loeation of the foetised image are aeeomplished by ehanging the shape 
of the lens. inereasing the curvature of the lens inereases the refraetion 
of light, moving the focused image eloser to the lens. Deereasing the 
curvature of the lens deereases the refraetion of light, moving the 
focused image farther from the lens. In eameras, mieroseopes, and 
teleseopes, focusing is not aeeomplished by ehanging lens shape. 
Instead, focusing is aeeomplished by moving the lens eloser to or far- 
ther from the point at which the image will be focused. 

23 Namethe parts of thefocusing system ofthe eye. Which part produces 
the most refraetion of light? Which part ean adjust the refraetion? 

Distant and Near Vision 

Distant vision occurs when looking at objeets 20 feet or more from 
the eye, whereas near vision occurs when looking at objeets that are 
less than 20 feet from the eye. In distant vision, the eiliary muscles in 
the eiliary body are relaxed (see figure 13.11 < 2 ). The suspensory liga- 
ments, however, maintain elastie pressure on the lens, thereby keeping 
it relatively flat. The eondition in which the lens is flattened so that 
nearly parallel rays from a distant objeet are focused on the retina is 


referred to as emmetropia (em-è-trò'pé-à, measure) and is the normal 
resting eondition of the lens. The point at which the lens does not have 
to thieken for focusing to occur is ealled the far point of vision and 
normally is 20 feet or more from the eye. 

When an objeet is brought eloser than 20 feet to the eye, the 
image falling on the retina is no longer in focus. Three events occur 
to bring the image into focus on the retina: aeeommodation by the 
lens, eonstrietion of the pupil, and eonvergenee of the eyes. 

1. Aeeommodation. When the eye focuses on a nearby objeet, the 
eiliary muscles eontraet as a result of parasympathetie stimulation 
from the oculomotor nerve (III). This sphineterlike eontraetion 
pulls the ehoroid toward the lens to reduce the tension on the 
suspensory ligaments. This allows the lens to assume a more 
spherieal form because of its own elastie nature (figure 13.1 \b). 
The more spherieal lens has a more convex surface, causing 
greater refraetion of light, which brings the image baek into focus 
on the retina. This proeess is ealled aeeommodation. 

As an objeet is brought eloser and eloser to the eye, 
aeeommodation beeomes more and more difflcult because the 
lens eannot beeome any more convex. At some point, the eye 
no longer ean focus the objeet, and it is seen as a blur. The 
point at which this blurring occurs is ealled the near point of 
vision, which is usually about 2-3 inehes from the eye for 
ehildren, 4—6 inehes for a young adult, 20 inehes for a 45-year- 
old adult, and 60 inehes for an 80-year-old adult. This inerease 
in the near point of vision is ealled presbyopia (prez-bé-ò'pé-à, 
elder eye). It occurs because the lens beeomes more rigid with 
inereasing age, which is why some older people say they could 
read with no problem if they only had longer arms. 

Vision eharts 

Visual acuity is a measure of the sharpness or distinetiveness of 
vision. For example, the letters e and o have a similar shape and size. 
Visual acuity enables a person to tell the two letters apart. When a 
person's visual acuity is tested, a ehart is plaeed 20 feet from the eye, 
and the person is asked to read a line of letters that is standardized 
for normal vision at 20 feet. If the person ean eorreetly identify the 
letters in the line, the vision is eonsidered to be 20/20, which means 
that the person ean see at 20 feet what people with normal vision 
ean see at 20 feet. If, on the other hand, the person ean see letters 
only at 20 feet that people with normal vision ean see at 40 feet, the 
vision is eonsidered 20/40. They have less visual acuity. 


2. Pitpil eonstrietion. When we look at a close-up objeet, the pupil 
diameter deereases, which inereases the depth of focus. The 
depth of focus is the greatest distanee through which an objeet 
ean be moved and still remain in focus on the retina. The main 
faetor affeeting depth of focus is the size of the pupil. If the 
pupillary diameter is small, the depth of focus is greater than if 
the pupillary diameter is large. With a smaller pupillary 
opening, an objeet may therefore be moved slightly nearer or 
farther from the eye without disturbing its focus. This is 
particularly important when viewing an objeet at elose range 
because the interest in detail is much greater, and therefore the 
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aeeeptable margin for error is smaller. When the pupil is 
eonstrieted, the light entering the eye tends to pass more nearly 
through the eenter of the lens and is more accurately focused 
than light passing through the edges of the lens. Pupillary 
diameter also regulates the amount of light entering the eye. 

The smaller the pupil diameter, the less light entering the eye. 

As the pupil eonstriets during elose vision, therefore, more light 
is required on the objeet being observed. 

3. Convergence. Because the light rays entering the eyes from a 
distant objeet are nearly parallel, both pupils ean piek up the 
light rays when the eyes are direeted more or less straight ahead. 
As an objeet moves eloser, however, the eyes must be rotated 
medially so that the objeet is kept focused on eorresponding 
areas of eaeh retina. Otherwise, the objeet appears blurry. This 
medial rotation of the eyes is aeeomplished by a reflex that 
stimulates the medial rectus muscle of eaeh eye. This movement 
of the eyes is ealled eonvergenee. Convergence ean easily be 
observed. Have someone stand faeing you. Have the person 
reaeh out one hand and extend an index finger as far in front of 
his or her faee as possible. While the person keeps the gaze fixed 
on the finger, have the person slowly bring the finger in toward 
his or her nose until finally touching it. Notiee the movement 
of the person’s pupils. What happens? 

24 Define distant vision and near vision. What are emmetropia and the far 
point of vision? 

25 What is visual acuity and how is it tested? 


26 Deseribe the proeess of aeeommodation. 

27 What are the near point of vision and presbyopia? 

28 What is depth of focus, and how is it related to pupil diameter? 

29 What is the benefit of the eyes eonverging as an objeet moves eloser 
to the eyes? 


Prediet 



Explain how several hours of reading ean cause eyestrain, or eye fatigue. 
Deseribe what structures are involved. 


Structure and Function of the Retina 

The retina eonsists of an inner, neural layer and an outer, pigmented 
layer (figure 13.12). The neural layer eontains three layers of neu- 
rons: photoreeeptor, bipolar, and ganglionie (see figure 13.12). The 
photoreeeptor layer eontains rods and eones, which are the photore- 
eeptor eells that respond to light. The rods and eones synapse with 
bipolar eells, which in turn synapse with ganglion eells. Axons 
from the ganglion eells pass over the inner surface of the retina, eon- 
verge at the optie dise (blind spot), and exit the eye as the optie nerve 
(CN II). The neural layers are separated by the plexiform (like a 
braid) layers. The outer plexiform layer is where the photoreeeptor 
eells synapse with the bipolar eells and the inner plexiform layer is 
where the bipolar eells synapse with the ganglion eells. 

The pigmented layer eonsists of retinal pigment epithelimn 
(RPE), a single layer of cuboidal epithelial eells filled with melanin. It 
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(a) Colorized eleetron mierograph of eones and rods. (b) Seetion through the 
retina with its major layers labeled. 
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rests on the Bruch membrane, which is the inner layer of the ehoroid 
eonsisting of eollagen and elastie fibers (see figure 13.12). Cells of the 
RPE phagoeytize the spent tips of rods and eones and produce retinal 
from vitamin A (see “Rods,” next seetion). Along with the ehoroid, the 
pigmented layer provides a black-brown matrix that enhanees visual acu- 
ity by isolating individual photoreeeptors and reducing light seattering. 

30 Starting with a rod or eone, name the eells or structures that an aetion 
potential encounters while traveling to the optie nerve. 

31 What are the functions of the pigmented layer? 

Rods 

Rods are responsible for noneolor vision and vision under eonditions 
of reduced light. Even though rods are very sensitive to light, they 
eannot deteet eolor, and sensory input reaehing the brain from rods is 
interpreted by the brain as shades of gray. Rods are bipolar neurons 
with modified, light-sensitive dendrites, which are eylindrieal in shape 
(figure 13.13). This rod-shaped photoreeeptive part of the rods eon- 
tains about 700 double-layered membranous dises. The dises eontain 
rhodopsin (rò-dop'sin), a purple pigment eonsisting of the protein 
opsin eovalently bound to a yellow photosensitive pigment ealled 
retinal (derived from vitamin A). 

Exposure to light aetivates rhodopsin (figure 13.14). When light 
strikes retinal, it ehanges shape, which causes opsin to ehange shape, 
resulting in the aetivation of rhodopsin. Aetivated rhodopsin stimu- 
lates a response in rods that results in vision. Rhodopsin is deaeti- 


vated when retinal eompletely detaehes from opsin. Retinal returns 
to its original shape, a proeess that requires energy from ATR Retinal 
then reattaehes to opsin, which ehanges shape, resulting in rhodopsin 
that ean again be aetivated by light. 

In the dark, rods continuously release the neurotransmitter glu- 
tamate, which inhibits the bipolar eells synapsing with the rods (see 
figure 13.12). The bipolar eells do not stimulate the ganglion eells and 
no aetion potentials are transmitted out the optie nerve. Thus, in the 
dark, the system is turned off. In the light, aetivated rhodopsin inhib- 
its the production of glutamate by rods. Therefore, the bipolar eells 
beeome uninhibited, their membrane potentials reaeh threshold, and 
aetion potentials are produced. The bipolar eells stimulate the gan- 
glion eells and aetion potentials are transmitted out the optie nerve. 
Thus, in the light, the system is turned on. 

Light and dark adaptation is the adjustment of the eyes to 
ehanges in light intensity. Light adaptation occurs when the eyes are 
exposed to inereased light intensity, such as when a person goes out of 
a darkened building into the sunlight. Dark adaptation occurs when 
the eyes are exposed to deereased light intensity, such as when a person 
goes from the sunlight into a building. Light and dark adaptation is 
aeeomplished by ehanges in the amount of available rhodopsin. In 
bright light, excess rhodopsin is broken down so that not as much is 
available to initiate aetion potentials, and the eyes beeome adapted to 
bright light. Conversely, in a dark room more rhodopsin is produced, 
making the retina more light-sensitive. 

Light and dark adaptation also involves pupil reflexes. The pupil 
enlarges in dim light to allow more light into the eye and eontraets 
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Figure 13.13 Rods and eones of the Retina 

(a) Rod eell. (b) Cone eell. (e) An enlargement of the dises in the outer segment of a rod. (d) An enlargement of one of the dises, showing rhodopsin in the membrane. 
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1. Retinal is attaehed inside 
opsin to make rhodopsin. 


2. Light aetivates rhodopsin by 
causing retinal to ehange 
shape, which causes opsin 
to ehange shape. 


3. Aetivated rhodopsin 

stimulates eell ehanges that 
result in vision. 


4. Following rhodopsin 
aetivation, retinal detaehes 
from opsin. 


5. Energy from ATP is required 
to bring retinal baek to its 
original form. 


6. Retinal attaehes to opsin to 
form rhodopsin (return to 
step 1). 
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Proeess Figure 13.14 Rhodopsin eyele 


in bright light to allow less light into the eye. In addition, rod func- 
tion deereases and eone fhnetion inereases in light eonditions, and 
viee versa during dark eonditions. 

32 What is the function of rods? Deseribe the structure of rods. 

33 Deseribe the aetivation, deaetivation, and reformation 
of rhodopsin after light strikes it. 

34 How does the aetivation of rhodopsin result in aetion potential 
production in ganglion eells? 

35 How do dark and light adaptation occur? 


Prediet 



If the breakdown of rhodopsin occurs rapidly and production is slow, do eyes 
adapt more rapidly to light or dark eonditions? 


eones 

Cones are responsible for eolor vision and visual acuity. Color is a func- 
tion of the wavelength of light, and eaeh eolor results from a eertain 
wavelength of visible light. Cones require relatively bright light to func- 
tion. As the light deereases, so does the eolor of objeets that ean be seen 
until, under eonditions of very low illumination, the objeets appear 
gray. This occurs because, as the light deereases, the number of eones 
responding to the light deereases but the number of rods inereases. 

Cones are bipolar photoreeeptor eells with a eonieal, light-sensitive 
part that tapers slightly from base to apex (see figure 13.13^). The outer 


segments of the eone eells, like those of the rods, eonsist of double- 
layered dises. The membranes of the dises eontain a visual pigment, 
iodopsin (l-ò-dop'sin), which eonsists of retinal eombined with a phot- 
opigment opsin protein. There are three types of eones, based on the 
type of opsin they have, which determines the wavelength of light to 
which they are most responsive. Blue eones respond best to blue light, 
green eones respond best to green light, and red eones respond best to 
red light (figure 13.13). Note that the eones are named aeeording to 
their light sensitivity, not their actual eolor. 

As light of a given wavelength (eolor) strikes the retina, all 
eones eontaining photopigments eapable of responding to that 
wavelength generate aetion potentials. Different proportions of 
eones respond to a given wavelength of light because of their overlap 
in pigment sensitivity (see figure 13.15). Color is interpreted in the 
visual cortex as eombinations of sensory input originating from 
eones. For example, when orange light strikes the retina, 99% of the 
red eones respond, 42% of the green eones respond, and no blue 
eones respond. When yellow light strikes the retina, the response is 
shifted so that a greater number of green eones respond. The variety 
of eombinations ereated allows humans to distinguish among sev- 
eral million gradations of light and shades of eolor. 

36 What are the functions of eones? Deseribe the structure of eones. 

37 What is iodopsin? 

38 What are the three types of eone eells? How do they produce the 
eolors we see? 
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Figure 13.15 wavelengths to Which Eaeh of the Three 

Visual Pigments Are Sensitive: Blue, 
Green, Red 

There are actually tvvoforms of the red pigment. Oneform has a serine at 
position 180; the other has an alanine at position 180. Eaeh red pigment has 
a slightly different vvavelength sensitivity. 

Seeing Red 

Not everyone sees the same red.Tvvo forms of the red photopigment 
are eommon in humans. Approximately 60% of people have the 
amino aeid serine in position 180 of the red opsin protein, vvhereas 40% 
have alanine in that position. That subtle differenee in the protein 
results in slightly different absorption eharaeteristies (see fìgure 13.15). 
Even though vve were eaeh taught to reeognize red when we see a 
eertain eolor, we apparently do not see that eolor in quite the same way. 
This differenee may contribute to people having different favorite eolors. 


Prediet 



Explain why at night a person may notiee a movement"out of the eorner of the 
eye" but, when the person tries to focus on the area of movement, it appears as 
though nothing isthere. 


Inner Layers of the Retina 

Rod and eone eells difFer in the way they interaet with bipolar and 
ganglion eells. Several rods synapse with eaeh bipolar eell, and several 
bipolar eells synapse with eaeh ganglion eell (see figure 13.12). As a 
result of this eonvergenee, stimulation of any of a large number of 
rods ean result in stimulation of a ganglion eell. Propagation of aetion 
potentials from the ganglion eell to the visual cortex results in vision. 
Given the large number of rods in the retina, this arrangement allows 
an awareness of stimuli from very dim light sources. Visual acuity 
with this system is poor, however. From the brains perspeetive, there 
is no way to determine which rods assoeiated with a given ganglion 
eell are stimulated. Cones, on the other hand, exhibit little or no 
eonvergenee on bipolar eells so that one eone eell may synapse with 
only one bipolar eell. This system reduces light sensitivity but 
enhanees visual acuity because it inereases the likelihood that the 
brain ean determine which eone was stimulated. 

Within the inner layers of the retina, interneurons modify the 
signals from the photoreeeptor eells before the signal leaves the ret- 
ina (see figure 13.12). Horizontal eells in the outer plexiform layer 
synapse with photoreeeptor eells and bipolar eells. Amaerine (am'à- 
krin) eells in the inner plexiform layer synapse with bipolar and 
ganglion eells. Interplexiform eells eonneet eells in the outer and 
inner plexiform layers, forming feedbaek loops. The interneurons 
are either excitatory or inhibitory on the eells with which they 
synapse. By inereasing the signal from some photoreeeptors and 
deereasing the signal from others, these interneurons inerease the 
differenees between boundaries, such as the edge of a dark objeet 
against a light background. 

40 How does the arrangement of eells in the retina explain the 
sensitivity of the rod system to dim light and the visual acuity of the 
eone system? 

41 What is the function of interneurons in the retina? 


Distribution of Rods and eones in the Retina 

Eaeh eye has approximately 120 million rods and 6 or 7 million eones. 
The eones are most eoneentrated in the fovea eentralis and the macula. 
The fovea eentralis has approximately 33,000 eones and no rods. The 
rest of the macula has more eones than rods. Cones are involved in 
visual acuity, in addition to their role in eolor vision. When one is look- 
ing at an objeet direetly in front of the eye, the focusing system of the 
eye plaees the image on the macula and fovea eentralis. The high eon- 
eentration of eones makes it possible to see fine details. 

The rods are 10—20 times more plentifhl than eones over most of 
the retina away from the macula. The high number of rods enables them 
to “eolleet” light, and they are more important in low-light eonditions. 

39 Deseribe the arrangement of eones and rods in the fovea eentralis, 
the macula, and other parts of the retina. 


a 

Motion Pictures 

Aetion potentials pass from the retina through the optie nerve at 
the rate of 20 to 25 per seeond. We"see"a given imagefor afraetion 
of a seeond longer than it actually appears. Motion pictures take 
advantage of these two faets. When still photographs are flashed on 
a sereen at the rate of 24 frames per seeond, they appear to flow into 
eaeh other, and a motion picture results. 


Neuronal Pathways for Vision 

The optie nerve (II) (figure 13.16) leaves the eye and exits the orbit 
through the optie foramen to enter the eranial eavity. Just anterior to 
the pituitary gland, the optie nerves are eonneeted to eaeh other at 
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1. Eaeh visual field is divided into temporal and nasal parts. 


2. After passing through the lens, light from eaeh part of a 
visual field projeets to the opposite side of the retina. 


3. An optie nerve eonsists of axons extending from the retina 
to the optie ehiasm. 


4. In the optie ehiasm, axons from the nasal part of the retina 
eross and projeet to the opposite side of the brain. Axons 
from the temporal part of the retina do not eross. 

5. An optie traet eonsists of axons that have passed through 
the optie ehiasm (with or without erossing) to the thalamus. 


6. The axons synapse in thalamie nuclei. Oollateral branehes 
of the axons in the optie traets synapse in the superior 
colliculi. 


7. An optie radiation eonsists of axons from thalamie neurons 
that projeet to the visual cortex in the oeeipital lobe. 


8. The right part of eaeh visual field (dark green and light 
blue) projeets to the left side of the brain, and the left part 
of eaeh visual field (light green and dark blue) projeets to 
the right side of the brain. 
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Proeess Figure 13.16 visual Pathways apir 

(a) Visual pathwaysand their relationship to the visual fields.The leftand right 
visual fields are shown separated from eaeh other for elarity. They actually 
overlap. (b) Photograph of the eyeball, optie nerve, and optie ehiasm (superior 
view). (e) Photograph of the optie nerves, traets, and radiations (inferior view). 
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Relevanee 


Eye Disorders 


Myopia 

Myopia (mí-ó'pé-à), or nearsight- 
edness, is the ability to see elose objeets 
elearly vvhile distant objeets appear blurry. 
Myopia is a defeet of the eye in vvhieh the 
focusing system, the eornea and lens, is 
optieally too powerful, or the eyeball is too 
long. As a result, images are focused in front 
of the retina (figure A á). 

Myopia is eorreeted by a eoneave lens 
that spreads out the light rays eoming to 
the eye so that, when the light is focused 
by the eye, it is focused on the retina (fìgure 
A b). Such lenses are ealled "minus"lenses. 

Another technique for eorreeting myo- 
pia is radial keratotomy (ker'à-tot'ó-mé), 
which eonsists of making a series of radiat- 
ing cuts in the eornea.The cuts are intended 
to weaken the dome of the eornea slightly 
so that it beeomes more flattened and elimi- 
nates the myopia. This procedure may over 
or under eorreet the eondition and produce 
problems with glare because the slits do not 
heal evenly. An alternative procedure is 


lasix. 


laser eorneal sculpturing, 


which a thin portion of the eornea is etehed 
away to make the eornea less convex. 


Hyperopía 

Hyperopia (hí-per-ó'pé-à), or farsíghted- 
ness, is the ability to see distant objeets 
elearly while elose objeets appear blurry. 
Hyperopia is a disorder in which the eornea 
and lens system is optieally too weak or the 
eyeball is too short. As a result, the focused 
image is"behind"the retina when looking at 
a elose objeet (fìgure Ae). In hyperopia, the 
lens must aeeommodate to bring somewhat 
distant objeets into focus, which would not 
be neeessary for a normal eye. Closer objeets 
eannot be brought into focus because the 
lens eannot ehange shape enough to focus 
the image on the retina. Hyperopia is eor- 
reeted by a convex lens that causes light 
rays to eonverge as they approaeh the 
and to focus on the retina (fìgure Ad). Such 
lenses are ealled "plus" lenses. 


Presbyopìa 

Presbyopìa (prez-bé-ó'pé-à) is the normal, 
presently unavoidable degeneration of the 
aeeommodation power of the eye that 


occurs as a consequence of aging. It occurs 
because the lens beeomes hard and less 
flexible. The average age for onset of presby- 
opia is the mid-forties. Avid readers and 
people engaged in fìne, elose work may 
develop the symptoms earlier. 

Presbyopia ean be eorreeted by the use 
of"reading glasses," which are worn only for 
elose work and are removed when the per- 
son wants to see at a distanee. Alternatively, 
the problem may be eorreeted by the use of 
bifoeals, which have a different lens in the 
top and the bottom, or by progressive 
lenses, in which the lens is graded. 


Astigmatism 

Astigmatism (à-stig'mà-tizm) is a defeet in 
which the eornea or lens is not uniformly 
curved and the image is not sharply focused. 
Glasses may be made to adjust for the 
abnormal curvature as long as the curvature 
is not too irregular. If the curvature of the 
eornea or lens is too irregular, the eondition 
is diffìcult to eorreet. 
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Strabismiis 

Strabismus (stra-biz'mus) is a laek of paral- 
lelism of light paths through the eyes. Stra- 
bismus ean involve one or both eyes, and the 
eyes may turn in (eonvergent) or out (diver- 
gent). The eondition ean result from abnor- 
mally weak eye muscles. In some eases, the 
image that appears on the retina of one eye 
may be eonsiderably different from that 
appearing on the other eye. This problem is 
ealled diplopia (di-pló'pé-à, double vision). 


Retinal Detaehment 

Retinal detaehment is a relatively eommon 
problem that ean result in eomplete blind- 
ness. If a hole or tear occurs in the retina, 
fluid may accumulate between the neural 
and pigmented layers, thereby separating 
them. This separation, or detaehment, may 
continue until the neural layer has beeome 
totally detaehed from the pigmented layer 


and has folded into 


funnel-like form 


around the optie nerve. VVhen the neural 
layer beeomes separated from its nutrient 






















(b) Concave lens eorreets myopia 


\ 


\ 


\ 




\ 


\ 


\ 




(d) Convex lens eorreets hyperopia 


Figure A Visual Disorders and Their eorreetion by various Lenses 
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supply in the ehoroid, it degenerates, and 
blindness follows. Causes of retinal detaeh- 
ment include a severe blow to the eye or 
head; a shrinking of the vitreous humor, 
which may occur with aging; and diabetes. 

Color Blindness 

Color blindness results from the dysfunc- 
tion of one or more of the three photopig- 
ments involved in eolor vision. There may be 
a eomplete loss of eolor pereeption or only a 
deerease in pereeption. For example, in red- 
green eolor blindness, a person may be 
unable to distinguish between the eolors red 
and green (fìgure B). Red-green eolor blind- 
ness occurs when mutations cause the red 
photopigment to respond more to green 
light, or the green photopigment to respond 
more to red light. Most forms of eolor blind- 
ness occur more frequently in males and are 
X-linked genetie traits (see ehapter 25). 

Night Blindness 

Everyone sees less elearly in the darkthan in 
the light. A person with night blindness, or 
nyetalopia (nik-tà-ló'pé-à, obscure eye), 
however, may not see well enough in a dimly 
lit environment to function adequately. Night 
blindness results from loss of rod function. It 
ean result from general retinal degeneration, 
such as occurs in retinitis pigmentosis or 
detaehed retinas. Temporary night blindness 
ean result from a vitamin A defìeieney because 
vitamin A is neeessary to produce retinal. 
Patients with night blindness ean be helped 
with eleetronie optieal deviees, including 
monocular poeket seopes and binocular gog- 
gles that eleetronieally amplify light. 

Glaucoma 

Glaucoma (glaw-kó'mà, glaukos, blue-green) 
is a eondition involving excessive pressure 
buildup in the aqueous humor. Glaucoma 
results from an interferenee with normal 
reentry of aqueous humor into the blood or 
from an overproduction of aqueous humor. 
The inereased pressure within the eye ean 
elose off the blood vessels entering the eye 
and may destroy the retina or optie nerve, 
resulting in blindness. Everyone older than 
40 should be eheeked every 2-3 years for 
glaucoma; those older than 40 who have rel- 


atives with glaucoma should have an annual 
checkup. Glaucoma is usually treated with 
eye drops, which do not cure the problem 
but keep it from advaneing. In some eases, 
laser or eonventional surgery may be used. 

Cataract 

A eataraet (fìgure C á) is a clouding of the 
lens resulting from a buildup of proteins. 


The lens relies on the aqueous humor for 
its nutrition. Any loss of this nutrient 
source leads to degeneration of the lens 
and, ultimately, opaeity of the lens (i.e., a 
eataraet). A eataraet may occur with 
advaneing age, infeetion, or trauma. Sur- 
gery to remove a eataraet is actually the 
removal of the lens. The posterior portion of 
the lens capsule is left intaet. Although the 



Figiire B eolor Blindness eharts 

(a) A person with normal eolor vision ean see the number 74, whereas a person with red-green eolor 
blindness sees the number 21. (b) A person with normal eolor vision ean see the number 42. A person 
with red eolor blindness sees the number 2, and a person with green eolor blindness sees the number 4. 

Reproduced from Ishihara's Tests for Colour Blindness published by Kanehara & Co., Ltd., Tokyo, 
Japan, but tests for eolor blindness eannot be conducted with this material. For accurate 
testing, the original plates should be used. 



Figure C Defeets in Vision 

Visual images as seen with various defeets in vision. (a) Cataract. (b) Macular degeneration. (e) Retinitis 
pigmentosa. (d) Diabetie retinopathy. 
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eornea ean still aeeomplish light eon- 
vergenee, with the lens gone, the rays eannot 
be focused as well, and an artifìeial lens must 
be supplied to help aeeomplish focusing. In 
most eases, an artifìeial lens is implanted into 
the remaining portion of the lens capsule at 
the time that the natural lens is removed.The 
implanted lens helps restore normal vision, 
but glasses may be required for near vision. 

Macular Degeneration 

Age-related macular degeneration (ARMD) 
is a degenerative disease of the retina with 
genetie and environmental causes. Riskfae- 
tors include being 50 years or older, family 
members with the disease, smoking, hyper- 
tension, and elevated eholesterol.Tradition- 
ally, two forms of ARMD are reeognized: dry 
and wet ARMD. Dry ARMD involves the 
accumulation of a yellow-gray, protein-lipid 
material ealled drusen in the Bruch mem- 
brane (see figure 13.12), atrophy of the reti- 
nal pigment epithelium (RPE), and loss of 
photoreeeptor eells in the overlying retina 
of the macula.These ehanges affeet eentral, 

V___ 


Eye Disorders Continued 

but not peripheral vision, producing blurred, 
distorted vision and dim eolor and eontrast 
pereeption. Dry ARMD develops into wet 
ARMD in about 10% of eases. In wet ARMD 
there is extensive buildup of drnsen, frae- 
ture of the Bruch membrane, destruction of 
the RPE, the growth of abnormal ehoroid 
blood vessels into the retina with assoeiated 
leakage of fluid and blood, and destruction 
of the retina leading to eentral blindness 
(fìgure Cb). The risk of developing ARMD is 
reduced with dietary or antioxidant multivi- 
tamin therapy. Laser surgery to stop fluid 
leakage helps some eases of wet ARMD. 

Retinitis Pigmentosa 

Retinitis pigmentosa (RP) is an inherited 
disorder eharaeterized by the progressive 
degeneration of the retina, aeeompanied by 
the accumulation of pigment islands in the 
retina. Diagnosis of the disease ean usually 
be made on the basis of family history and 
the presenee of dark spots in the retina. RP 
results in the degeneration of rods and/or 
eones. The degeneration and death of pho- 



toreeeptor eells result in progressive vision 
loss. In most forms of RP, ealled rod-eone 
dystrophies, the rods degenerate first. Pro- 
gression of the disease includes night blind- 
ness and loss of peripheral vision as more 
rods are lost. Night blindness is often the fìrst 
symptom of RP. Some patients retain a small 
amount of eentral vision throughout life (fìg- 
ure Ce). Other forms of RP, ealled eone-rod 
dystrophies, fìrst affeet eones, resulting in 
loss of visual acuity and eolor vision. 

Diabetes 

Loss of visual function is one of the most 
eommon consequences of diabetes because 
a major eomplieation of the disease is dys- 
function of the peripheral circulation. Defee- 
tive circulation to the eye may result in retinal 
degeneration or detaehment. Diabetie reti- 
nopathy (figure C d) is one of the leading 
causes of blindness in the Llnited States. 
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the optie ehiasm (kl'azm, erossing). Ganglion eell axons from the 
nasal (medial) retina eross through the optie ehiasm and projeet to 
the opposite side of the brain. Ganglion eell axons from the temporal 
(lateral) retina pass through the optie ehiasm and projeet to the brain 
on the same side of the body without erossing. 

Beyond the optie ehiasm, the axons form the optie traets (see 
figure 13.16). Most of the optie traet axons terminate in the thalamus. 
Some axons do not terminate in the thalamus but separate from the 
optie traets to terminate in the superior colliculi, the eenter for visual 
reflexes (see ehapter 11). Neurons from the thalamus form the fibers of 
the optie radiations, which projeet to the visual cortex in the oeeipital 
lobe. Neurons of the visual cortex integrate the messages eoming from 
the retina into a single message, translate that message into a mental 
image, and then transfer the image to other parts of the brain, where it 
is evaluated and either ignored or aeted on. 

The image seen by eaeh eye is the visual field of that eye. The 
visual field of eaeh eye ean be divided into temporal (lateral) and nasal 
(medial) parts. The temporal part of a visual field projeets onto the 
nasal retina, which projeets to the visual cortex on the opposite side 
of the brain. The nasal part of a visual field projeets onto the temporal 
retina, which projeets to the same side of the brain. The nerve path- 
ways are arranged in such a way that images entering the eye from the 
right part of eaeh visual field (right temporal and left nasal) projeet to 
the left side of the brain. Conversely, the left part of eaeh visual field 
(left temporal and right nasal) projeets to the right side of the brain. 


Prediet 



While looking straight ahead, if a light flashes off to the right side, on vvhieh 
side of the brain is the visual cortex stimulated? 


Figure 13.17 shows the visual pathways and potential sites of 
damage to them. If the right optie nerve is damaged, as in A, then 
vision is lost from the right visual field because aetion potentials from 
the eye eannot reaeh the brain. The loss of vision is indieated by the 
blaek eolor in the affeeted parts of the visual field. 

The optie ehiasm is just anterior to the pituitary gland. A pitu- 
itary tumor ean expand and damage the axons where they eross in 
the optie ehiasm, as in B in figure 13.17. The results are visual defeets 
and loss of vision in the temporal halves of eaeh visual field. This 
eondition is ealled tunnel vision, and it ean be an early sign of a 
pituitary tumor. 


Prediet 



lf the optie radiations are damaged at loeation C in fìgure 13.17, vvhieh parts of 
the visual fields would be affeeted? 


Binocular vision is what is seen with two eyes at the same time. 
The visual field of one eye overlaps with the visual field of the other eye 
to produce binocular vision (figure 13.18). Where the visual fields do 
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Figure 13.17 Lesions of the Visual Pathvvays 

The lines at A, B, and C on the left indieate lesions in the visual pathways. The 
effeets of lesions A and B on the visual fields are shown to the right. The blaek 
areas indieate what parts of the visual fields are defeetive. 


Visual fields overlap. 



Left monocular Binocular Right monocular 



Figlire 13.18 Binocular Vision ap r 

The left and right visual fields overlap to produce binocular vision. Monocular 
vision is where the visual fields do not overlap. 


not overlap, there is monocular vision, that which is seen with one 
eye. Binocular vision is responsible for depth pereeption, the ability to 
distinguish between near and far objeets and to judge their distanee. 
When an objeet is seen with both eyes, the image of the objeet reaehes 
the retina of one eye at a slightly different angle from that of the other. 
With experience, the brain ean interpret these differenees in angle so 
that distanee ean be judged quite accurately. 

42 Deseribe the neuronal pathway for vision. 

43 What is a visual field? How do the visual fields projeet to the brain? 

44 Explain how binocular vision allows for depth pereeption. 

13.4 Hearing and Balanee 

The organs of hearing and balanee are divided into three parts: the 
external, middle, and inner ear (figure 13.19). The external ear is the 
part extending from the outside of the head to the tympanie (tim- 
pan'ik, dmmlike) membrane, or eardmm. The middle ear is an 
air-filled ehamber medial to the tympanie membrane. The inner ear 
is a set of fluid-filled ehambers medial to the middle ear. The external 
and middle ears are involved in hearing only, whereas the inner ear 
functions in both hearing and balanee. 

45 Name the three parts of the ear, and state their functions. 

Auditory Structures and 
Their Functions 

External Ear 

The auricle (aw'ri-kl, ear) is the fleshy part of the external ear on the 
outside of the head. The auricle opens into the external acoustic 
meatus (mé-à'tus, passage), a passageway that leads to the tympanie 
membrane. The auricle eolleets sound waves and direets them toward 
the external acoustic meatus, which transmits them to the tympanie 
membrane. The external acoustic meatus is lined with hairs and 
ceruminous (sé-roo'mi-nus, eera, wax) glands, which produce ceru- 
men (sè-roo'men), a modified sebum eommonly ealled earwax. The 
hairs and eemmen help prevent foreign objeets from reaehing the 
delieate tympanie membrane. 

The tympanie membrane is a thin membrane separating the 
external ear from the middle ear. It eonsists of a thin layer of eonnee- 
tive tissue sandwiched between two epithelial layers. Sound waves 
reaehing the tympanie membrane cause it to vibrate. 



Tympanie Membrane Riiptiire 

jÉtí*/ 

Rupture of the tympanie membrane may result in hearing impair- 
ment. Foreign objeets thrust into the ear, pressure, and infeetions of 
the middle ear ean rupture the tympanie membrane. Sufficient dif- 
ferential pressure between the middle ear and the outside air ean 
also rupturethetympanic membrane.This ean occur in flyers, divers, 
or individuals who are hit on the side of the head by an open hand. 
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Figlire 13.19 External, Middle, and Inner Ears .ap r 


46 From lateral to medial, name the parts of the external ear and 
deseribe their function. 

Middle Ear 

Medial to the tympanie membrane is the air-filled eavity of the 
middle ear (see figiire 13.19). Two eovered openings, the oval 
window and the round window on the medial side of the middle 
ear, eonneet the middle ear with the inner ear. The middle ear 
eontains three auditory ossieles (os'i-klz, ear bones): the malleus 
(mal'é-us, hammer), incus (ing'kds, anvil), and stapes (stà'péz, 
stirrnp) (figure 13.20). These bones transmit vibrations from the 
tympanie membrane to the oval window. The malleus is attaehed 
to the medial surface of the tympanie membrane. The incus eon- 
neets the malleus to the stapes. The base of the stapes is seated in 
the oval window and is surrounded by a flexible ligament. 

Two small muscles in the middle ear help dampen vibrations of 
the auditory ossieles caused by loud noises. The tensor tympani 
(ten'sòr tim'pàn-é) muscle is attaehed to the malleus and is inner- 
vated by the trigeminal nerve (V). The stapedius (stà-pé'dé-us) 
muscle is attaehed to the stapes and is innervated by the faeial nerve 
(VII) (see figure 13.20). 


ehorda Tympani 

The ehorda tympani is a braneh of the faeial nerve earrying 
taste impulses from the anterior two-thirds of the tongue. It 
erosses through the middle ear between the malleus and incus 
(see figure 13.20). The ehorda tympani has nothing to do with hear- 
ing but is just passing through. This nerve ean be damaged, how- 
ever, during ear surgery or by a middle ear infeetion, resulting in loss 
of taste sensation from the anterior two-thirds of the tongue on the 
side innervated by that nerve. 


Two openings provide air passages from the middle ear. One 
passage opens into the mastoid air eells in the mastoid proeess of the 
temporal bone. The other passageway is the auditory tube, also 
ealled the pharyngotympanie (fà-ring'gò-tim-pan'ik) tube or the 
eustachian (u-stà'shun) tube. The auditory tube opens into the 
pharynx and enables air pressure to be equalized between the outside 
air and the middle ear eavity. 

When a person ehanges altitude, air pressure outside the tym- 
panie membrane ehanges relative to the air pressure in the middle 
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Figure 13.20 Auditory Ossieles and Muscles of the Middle Ear 

Medial view of the middle ear (as though viewed from the inner ear), showing the three auditory ossieles with their ligaments and the two muscles of the middle ear: 
the tensor tympani and the stapedius. 


ear. With an inerease in altitude, the pressure outside the tympanie 
membrane beeomes less than the air pressure inside the middle ear 
and the tympanie membrane is pushed outward. With a deerease in 
altitude, the air pressure outside the ear beeomes greater than in the 
middle ear and the tympanie membrane is pushed inward. Distortion 
of the tympanie membrane ean make sounds seem muffled and 
stimulate pain. These symptoms ean be relieved by opening the audi- 
tory tube to allow air to pass through the auditory tube to equalize 
air pressure. Swallowing, yawning, chewing, and holding the nose 
and mouth shut while gently trying to foree air out of the lungs are 
methods used to open the auditory tube. 

47 Name the two membrane-eovered openings that eonneet the middle 
eartothe inner ear. 

48 Starting with the tympanie membrane, name in order the auditory 
ossieles eonneeting to the oval window. 

49 What is the function of the muscles eonneeted to the auditory ossieles? 

50 What is the function of the auditory tube? 

InnerEar 

The inner ear eontains the sensory organs for hearing and balanee. 
It eonsists of intereonneeting, fluid-fflled tunnels and ehambers 
within the temporal bone ealled the bony labyrinth (lab'i-rinth, 
maze). The bony labyrinth is lined with endosteum. When the 
inner ear is drawn, it is the endosteum that is depieted (figure 13.21T). 
The bony labyrinth is divided into three regions: eoehlea, vestibule, 
and semicircular eanals. The vestibule (ves'ti-bool) and semicircular 
eanals are involved primarily in balanee, and the eoehlea (kok'lé-à, 
snail shell) is involved in hearing. 

Inside the bony labyrinth is a similarly shaped but smaller set of 
membranous tunnels and ehambers ealled the membranous labyrinth 
(figure 13.21^). The membranous labyrinth is filled with a elear fluid 
ealled endolymph (en'dò-limf, lymph, elear spring water), and the 


spaee between the membranous and bony labyrinths is filled with a 
fluid ealled perilymph (per'i-limf) (figure 13.21c). Perilymph is very 
similar to eerebrospinal fluid, but endolymph has a high eoneentration 
of potassium and a low eoneentration of sodium, which is opposite 
from perilymph and eerebrospinal fluid. The membranous labyrinth of 
the eoehlea separates the bony labyrinth into two parts (figure 13.21d). 

The eoehlea is shaped like a snail shell—that is, a eoiled tube. 
The base of the eoehlea eonneets to the vestibule and the apex of the 
eoehlea is the end of the eoiled tube (figure 13.22T). The bony eore 
of the eoehlea, around which the tube eoils, is shaped like a screw 
with threads ealled the spiral lamina (figure 13.22^). A Y-shaped, 
membranous complex divides the eoehlea into three portions. The 
base of the Y is the spiral lamina. One braneh of the Y is the ves- 
tibular (ves-tib' u-làr, entranee hall) membrane, and the other 
braneh is the basilar (bas'i-làr, base) membrane. The spaee 
between these membranes is ealled the eoehlear duct. This eom- 
plex is the membranous labyrinth, and it is filled with endolymph. 
If the Y is viewed lying on its right side, as in figure 13.22^, the 
spaee above the Y is ealled the seala vestibuli (skà'là ves-tib'u-ll, 
seala, stairway), and the spaee below the Y is ealled the seala tym- 
pani (tim-pa'né). These two spaees are filled with perilymph. 

The oval window eonneets the middle ear with the vestibule of the 
inner ear, which in turn eonneets to the seala vestibuli. The seala ves- 
tibuli extends the length of the eoehlea and eonneets to the seala 
tympani at the apex of the eoehlea. The opening eonneeting the two 
ehambers is ealled the helieotrema (hel'i-kò-tré'mà, a hole at the end 
of a helix or spiral) (see figure 13.22T). The seala tympani extends 
from the apex of the eoehlea to the round window, which eonneets 
to the middle ear. The round window is elosed with a membrane. 

The eells inside the eoehlear duct are highly modified to form a 
structure ealled the spiral organ, or organ of Corti, which rests on 
the basilar membrane (see figure 13.22^ and e). The spiral organ 
eontains supporting epithelial eells and speeialized sensory eells 
ealled hair eells, which have hairlike projeetions at their apieal ends 
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Figlire 13.21 Inner Ear: Bony and Membranous Labyrinths ap'R 

(a) The bony labyrinth in the temporal bone of the skull. (b) The membranous labyrinth within the bony labyrinth. (e) Cross seetion through a semicircular eanal to 
show the relationship between the bony and membranous labyrinths. (d) Cross seetion through the eoehlea to show the relationship between the bony and 
membranous labyrinths. 


(figure 13.22^0. The projeetions are very long mierovilli ealled 
stereoeilia. Hair eells have no axons, but the basilar regions of eaeh 
hair eell are eovered by synaptie terminals of sensory neurons. 
Stimulation of these neurons by the hair eells results in the production 
of aetion potentials, which are transmitted to the brain. 

The hair eells are arranged in four long rows extending the length 
of the eoehlear duct. Eaeh row eontains 3500—4000 hair eells. The 
inner row eonsists of hair eells, ealled inner hair eells, which are the 
hair eells primarily responsible for hearing. The outer three rows eon- 
tain outer hair eells. The tips of the longest stereoeilia of the outer hair 
eells are embedded within an acellular gelatinous shelf ealled the 
teetorial (tek-tòr'é-àl) membrane, which is attaehed to the spiral 
lamina (see figure 13.22c). The outer hair eells are involved in regulat- 
ing the tension of the basilar membrane and are separated from the 
inner hair eells by a gap in the basilar membrane. 

The stereoeilia of one inner hair eell form a eonieal group ealled 
a hair bundle (figure 13.23T). The length of eaeh stereocilium 


within a hair bundle inereases gradually from one side of the hair eell 
to the other. The stereoeilia of an outer hair eell are arranged in a 
curved line (figure 13.23^). 

A tip link eonneets the tip of eaeh stereocilium in a hair bundle 
to the side of the next longer stereocilium (figure 13.24). Eaeh tip 
link is a gating spring, a pair of microtubule strands that attaehes to 
the gate of a gated K + ehannel. The gated K + ehannels of hair eells 
open meehanieally. As the stereoeilia bend, the gating spring pulls 
the K + gate open. The response time for such a meehanism is very 
brief. The stereoeilia are surrounded by perilymph, which has a high 
eoneentration of K + . When gated K + ehannels open, positively 
eharged K + move into the stereoeilia, resulting in depolarization of 
the hair eells. (This is a rare instanee in which an inerease in K + 
permeability of the plasma membrane of a eell results in depolariza- 
tion.) The hair eells release the neurotransmitter glutamate, which 
results in the production of aetion potentials in the sensory neurons 
innervating the hair eells. 
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Figlire 13.22 structure of the eoehlea apìR 

(a)The inner ear.The outer surface (gray) is the endosteum lining the inner surface of the bony labyrinth. (b) A eross seetion of the eoehlea.The outer layer is the 
endosteum lining the inner surface of the bony labyrinth.The membranous labyrinth (pink) is very small in the eoehlea and eonsists of the vestibular and basilar 
membranes.The spaee between the membranous and bony labyrinths eonsists of two parallel tunnels: the seala vestibuli and seala tympani. (e) An enlarged seetion of 
the eoehlear duct showing the spiral organ. (d) A greatly enlarged individual sensory hair eell. 


51 Deseribe the bony and membranous labyrinths. Name the three 
regions of the bony labyrinth. 

52 Explain how the eoehlea is divided into three eompartments. Name the 
eompartments and the membranes separating them. What fìuid is 
found in eaeh eompartment? 


53 Deseribe the structure of the spiral organ. Distinguish between inner 
and outer hair eells and their functions. 

54 Explain howthe bending of stereoeilia results in the production of 
aetion potentials. 
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Figure 13.23 Seanning Eleetron Mierograph of 

eoehlear Hair Cell Stereoeilia 

(a)The hair bundle of one inner hair eell. (b) The stereoeilia of three 
outer hair eells. 
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1. In the unstimulated eell, 
the gating spring is relaxed 
and the K + ehannel gate 
is elosed. 


2. As the stereoeilia are 
bent toward the taller 
stereocilium, the gating 
spring stretehes. 


3. The foree ereated by 
stretehing of the gating 
spring opens the gate 
of the K + channel and 
K + enter the eell. 


Proeess Figure 13.24 Aetion of the Gating springto open a K + ehannel When Two stereoeilia Bend 

Diagram of two stereoeilia eonneeted by one tip link. 
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Auditory Function 

Properties of Sound 

Vibration of matter, such as air, water, or a solid material, ereates 
sound. No sound occurs in a vacuum. For example, when a tuning 
fork vibrates, it causes the surrounding air to vibrate. The air vibrations 
eonsist of bands of eompressed air followed by bands of less eom- 
pressed air (figure 13.25^). When these pressure ehanges are graphed 
through time, they have a wave form; henee, they are ealled sound 
waves. These sound waves are propagated through the air, somewhat as 
ripples are propagated over the surface of water. The volume, or loud- 
ness, of sound is a fimetion of wave amplimde, or height, measured in 
deeibels (figure 13.25/0- The greater the amplitude, the louder the 
sound. The piteh of sound is a hmetion of the wave frequency 
(figure 13.23c). It is measured in hertz (Hz), which is the number of 
waves or eyeles per seeond. The higher the frequency, the higher the 
piteh. The normal range of human hearing is 20—20,000 Hz and 0 or 
more deeibels (db). Sounds louder than 125 db are painfiil to the ear. 




3 

|X 


Hiiman Speeeh and Hearing Impairment 

The range of normal human speeeh is 250-8000 Hz. This is the 
range that is tested for the possibility of hearing impairment 
because it is the most important for communication. 


Timbre (tim'br, tam'br) is the resonanee quality or overtones of 
a sound. A smooth sigmoid curve is the image of a a pure” sound 
wave, but such a wave almost never exists in nature. The sounds 
made by musical instruments and the human voiee are not smooth 
sigmoid curves but, rather, are rough, jagged curves formed by 
numerous, superimposed curves of various amplitudes and frequen- 
eies. The roughness of the curve accounts for the timbre. Timbre 
allows one to distinguish between, for example, an oboe and a Freneh 
horn playing a note at the same piteh and volume. 


Prediet 



One dietionary defìnition of sound is"that which is heard." If a tree falls in the 
forest, does it make a sound? 


External Ear 

The auricle eolleets sound waves and direets them into the external 
acoustic meatus. Sound waves travel relatively slowly in air, 332 m/s, 
and a small time interval may elapse between the time a sound wave 
reaehes one ear and the time it reaehes the other. The brain ean 
interpret this interval to determine the direetion from which a 
sound is eoming. Sound waves are conducted through the external 
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Figlire 13.25 Sound Waves 

(a) Vibration of objeets, such as a tuning forkor voeal eords, produces sound.The movement of an object"into"the air eompresses it (blue bars), whereas the movement 
of the object"away"from the air expands it, making it less eompressed (green bar).The sigmoid waves eorrespond to the regions of more eompressed air (peaks) and 
less eompressed air (troughs). One eyele is the distanee between peaks. (b) Low- and high-volume sound waves. Compare the relative lengths of the arrows indieating 
the wave height (amplitude). (e) Lower- and higher-piteh sound. Compare the relative number of peaks (frequency) within a given time interval (between arrows). 
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1. Sound waves strike the tympanie membrane and cause it to vibrate. 

2. Vibration of the tympanie membrane causes the three bones of the 
middle ear—the malleus, incus, and stapes—to vibrate. 

3. Vibration of the stapes in the oval window causes the perilymph in the 
seala vestibuli to vibrate. 

4. Vibration of the perilymph causes the vestibular membrane to vibrate, 
which causes vibrations in the endolymph. 


5. Vibration of the endolymph causes displaeement of the basilar 
membrane. Movement of the basilar membrane is deteeted in the hair 
eells of the spiral organ, which are attaehed to the basilar membrane. 
Vibrations of the basilar membrane are transferred to the perilymph of 
the seala tympani. 

6. Vibrations in the perilymph of the seala tympani are transferred to the 
round window, where they are dampened. 


Proeess Figure 13.26 Effeet of Sound waves on eoehlear structures ap R 

The eoehlea is drawn uncoiled for elarity. 


aeoiistie meatus and strike the tympanie membrane, causing it to 
vibrate (figure 13.26). 

Middle Ear 

Vibration of the tympanie membrane causes vibration of the three 
auditory ossieles of the middle ear, and by this meehanieal linkage 
vibration is transferred to the oval window (see figure 13.26). The 
oval window is approximately 20 times smaller than the tympanie 
membrane. The meehanieal foree of vibration is amplified about 
20-fold as it passes from the tympanie membrane through the audi- 
tory ossieles to the oval window because of this size differenee. This 
amplifieation is neeessary because more foree is required to cause 
vibration in a liquid, such as the perilymph of the inner ear, than is 
required in air. 

The tensor tympani and stapedius muscles are attaehed to audi- 
tory ossieles (see figure 13.20). Excessively loud sounds cause these 
muscles to reflexively eontraet and dampen the movement of the 
auditory ossieles. This sound attenuation reflex proteets the delieate 
inner ear structures from damage by loud noises. The sound attenua- 
tion reflex responds most effeetively to low-frequency sounds and ean 
reduce by a faetor of 100 the energy reaehing the oval window. The 
reflex is too slow to prevent damage from a sudden noise, such as a 


gunshot, and it eannot fimetion effeetively for longer than about 10 
minutes, in response to prolonged noise. 

InnerEar 

As the stapes vibrates, it produces sound waves in the perilymph of 
the seala vestibuli (see figure 13.26). Vibrations of the perilymph are 
transmitted through the vestibular membrane and cause simultaneous 
vibrations of the endolymph. The meehanieal effeet is as though the 
perilymph and endolymph were a single fluid because the vestibular 
membrane is very thin. Vibration of the endolymph causes distortion 
of the basilar membrane, which is most important to hearing. As the 
basilar membrane moves, the hair eells resting on it move relative to 
the teetorial membrane, which remains stationary. The inner hair eell 
stereoeilia are bent as they move against the teetorial membrane, 
resulting in the release of neurotransmitter and the production of 
aetion potentials in sensory neurons. 

The basilar membrane is not uniform throughout its length 
(figure 13.27). The membrane is narrower and denser near the oval 
window and wider and less dense near the apex of the eoehlea. The 
various regions of the membrane ean be eompared to the strings in a 
piano, which has strings of varying length and thiekness. As a result 
of this organization, sounds with higher pitehes cause the basilar 
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Figiire 13.27 Effeet of Sound waves on Points Along 

the Basilar Membrane 

The basilar membrane is thinnest at the base of the eoehlea and thiekest at the 
apex.The frequency of sound (Hz) affeets which part of the basilar membrane 
vibrates. Higher-pitehed sounds cause the basilar membrane near the base of 
the eoehlea to vibrate, whereas lower-pitched sounds cause the basilar 
membrane to vibrate near the apex. 


membrane nearer the oval window to distort maximally, whereas 
soimds with lower pitehes cause the basilar membrane nearer the 
apex of the eoehlea to distort maximally. Depending on which hair 
eells are stimulated along the length of the basilar membrane, the 
brain interprets the piteh and timbre of sounds. 

Sound volume, or loudness, is a function of sound wave ampli- 
tude. As the volume of sound inereases, the vibration of the basilar 
membrane inereases, the stirmilation of hair eells inereases, and the 
production of aetion potentials inereases. The brain interprets the 
higher frequency of aetion potentials as a louder sound. 


The outer hair eells are involved in regulating the tension of 
the basilar membrane, thereby inereasing the sensitivity of the 
inner ear to sounds. Stimulation of the inner hair eells by the ner- 
vous system stimulates the eontraetion of aetin filaments within 
the hair eells, causing them to shorten. This adjustment in the 
height of the outer hair eells, attaehed to both the basilar mem- 
brane and the teetorial membrane, fine-tunes the tension of the 
basilar membrane and the distanee between the basilar membrane 
and teetorial membrane. 

Sound waves in the perilymph of the seala vestibuli are also trans- 
mitted the length of the seala vestibuli and through the helieotrema into 
the perilymph of the seala tympani (see figure 13.26). This transmission 
of sound waves is probably of little consequence because the helieo- 
trema is very small. Vibration of the basilar membrane produces most 
of the sound waves in the perilymph of the seala tympani. Sound waves 
in the seala tympani perilymph cause vibration of the membrane of the 
round window. Vibration of the round window membrane is important 
to hearing because it aets as a meehanieal release for sounds waves 
within the seala tympani. If this window were solid, it would refleet the 
sound waves, which would interfere with and dampen later sound 
waves. The round window also allows the relief of pressure in the peri- 
lymph because fluid is not eompressible, thereby preventing eompres- 
sion damage to the spiral organ. 

+ ì 

I Loud Noises and Hearing Loss 

Prolonged or frequent exposure to excessively loud noises ean 
cause degeneration of the spiral organ at the base of the eoehlea, 
resulting in high-frequency deafness.The actual amount of damage 
ean vary greatly from person to person. High-frequency loss ean 
cause a person to miss hearing eonsonants in a noisy setting. Loud 
music, amplifìed to 120 db, ean impair hearing. The defeets may not 
be deteetable on routine diagnosis, but they include deereased sen- 
sitivity to sound in speeifìe narrow frequency ranges and a deereased 
ability to diseriminate between two pitehes. Loud music, however, is 
not as harmful as is the sound of a nearby gunshot, which is a sud- 
den sound occurring at 140 db. The sound is too sudden for the 
attenuation reflex to proteet the inner ear structures, and the inten- 
sity is great enough to cause auditory damage. In faet, gunshot noise 
is the most eommon reereational cause of serious hearing loss. 


55 Starting with the auricle, traee a sound wave into the inner ear to the 
point at which aetion potentials are generated in sensory neurons. 

56 What is the sound attenuation reflex? 

57 How are we able to distinguish between sounds of different piteh 
and volume? 

58 What is the function of the round window? 


Prediet 



Explain why it is much easier to pereeive subtle musical tones when music is 
played somewhat softly, as opposed to very loudly. 
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ehapter 13 


Neuronal Pathways for Hearing 

The axons of the sensory neurons supplying hair eells form the 
eoehlear nerve (see figure 13.22d). These sensory neurons are bipolar 
neurons, and their eell bodies are in the eoehlear, or spiral, ganglion, 
loeated in the bony eore of the eoehlea. The eoehlear nerve joins the 
vestibular nerve to beeome the vestibulocochlear nerve (VIII), 
which traverses the internal acoustic meatus and enters the eranial 
eavity. The speeial senses of hearing and balanee are both transmitted 
by the vestibulocochlear (VIII) nerve. The term vestibnlar refers to the 
vestibule of the inner ear, which is involved in balanee. The term 
eoehlear refers to the eoehlea of the inner ear, which is involved in 
hearing. The vestibulocochlear nerve fimetions as two separate nerves 
earrying information from two separate but elosely related structures. 

The auditory pathways within the CNS are very complex, with 
both erossed and uncrossed traets. Unilateral CNS damage there- 
fore usually has little effeet on hearing. The neurons from the 
eoehlear ganglion synapse with CNS neurons in the eoehlear 
nucleus in the medulla oblongata. These neurons in turn either 
synapse in or pass through the superior olivary nucleus in the 
medulla oblongata. Neurons terminating in the superior olivary 
nucleus may synapse with efferent neurons remrning to the eoehlea 
to modulate piteh pereeption. Nerve fibers from the superior oli- 
vary nucleus also projeet to the trigeminal (V) nucleus, which 
eontrols the tensor tympani, and the faeial (VII) nucleus, which 
eontrols the stapedius muscle. This is part of the sound attenuation 
reflex pathway. Aseending neurons from the superior olivary 
nucleus synapse in the inferior colliculi, and neurons from there 
projeet to the thalamus, where they synapse with neurons that 
projeet to the cortex. These neurons terminate in the auditory 
cortex (see ehapter 12). Neurons from the inferior colliculi also 


projeet to the superior colliculi, where reflexes that turn the head 
and eyes in response to loud sounds are initiated. 

59 Deseribe the neiironal pathways for hearing from the eoehlear nerve 
to the eerebral cortex. 

Balanee 

The sense of balanee, or equilibrium, has two eomponents: statie 
balanee and dynamie balanee. Statie balanee is assoeiated with the 
vestibule and is involved in evaluating the position of the head rela- 
tive to gravity. Dynamie balanee is assoeiated with the semicircular 
eanals and is involved in evaluating ehanges in the direetion and rate 
of head movements. 

Statie Balanee 

Statie balanee is assoeiated with the utricle (oo'tri-kl, leather bag) 
and the saccule (sak'ul, sae) of the vestibule (figure 13.28^). It is 
primarily involved in evaluating the position of the head relative to 
gravity, although the system also responds to linear aeeeleration or 
deeeleration, such as when a person is in a ear that is inereasing or 
deereasing speed. 

Most of the utricular and saccular walls eonsist of simple cuboi- 
dal epithelium. The utricle and saccule, however, eaeh eontain a 
speeialized pateh of epithelium about 2—3 mm in diameter ealled the 
macula (mak'u-là) (figure 13.28^). The macula of the utricle is ori- 
ented parallel to the base of the skull, and the macula of the saccule 
is perpendicular to the base of the skull. 

The maculae resemble the spiral organ and eonsist of hair eells, 
sensory neurons, and supporting eells. The “hairs” of the hair eells 
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Figure 13.28 Structure of the Macula 

(a) Vestibule showing the loeation of the utricular and saccular maculae. (b) Enlargement of the utricular macula, showing hair eells and otoliths in the macula. 
(e) An enlarged hair eell, showing the kinocilium and stereoeilia. (d) Colorized seanning eleetron mierograph of otoliths. 




























































The Speeial Senses 


399 




Endolymph in 
iitriele 



Otolithie membrane 
Hair eell 
Supporting eell 


Macula 


Vestibular nerve fibers 




Foree of gravity 


Figiire 13.29 Function of the vestibule in Maintaining Balanee 

(a) In an upright position, the otolithie membrane does not move. (b) As the position of the head ehanges, such as when a person bends over, gravity causes the 
otolithie membraneto move. 


eonsist of numerous mierovilli, ealled stereoeilia, and one cilium, 
ealled a kinocilium (kl-nò-sil'é-um) (figure 13.28r). Tfie stereoeilia 
and kinocilium are embedded in the otolithie (ò'tó-lith-ik, ear 
stones) membrane, which is a gelatinous mass weighted with erys- 
tals of calcium earbonate and protein ealled otoliths (ò'tò-liths) (see 
figure 13.28^ and d). The otolithie membrane moves in response to 
gravity, bending the hair eells and initiating aetion potentials in 
their assoeiated sensory neurons. The stereoeilia fimetion much as 
do the stereoeilia of eoehlear hair eells, with tip links eonneeted to 
gated K + ehannels. Defleetion of the hairs toward the kinocilium 
results in depolarization of the hair eell. 

The hair eells are eonstantly being stimulated at a low level by the 
presenee of the otolith-weighted eovering of the macula. When the 
otolithie membrane moves in response to gravity, the pattern and 
intensity of hair eell stimulation ehange (figure 13.29). The ehange in 
aetion potentials produced is translated by the brain into speeifie infor- 
mation about head position or linear aeeeleration/deeeleration. Much 


of this information is not pereeived consciously but is dealt with sub- 
consciously. The body responds by making subtle tone adjustments in 
the muscles of the baek and neek, which are intended to restore the 
head to its proper neutral, balaneed position. 

Dynamie Balanee 

Dynamie balanee is assoeiated with the semicircular eanals and is 
involved in evaluating movements of the head. There are three 
semieireiilar eanals plaeed at nearly right angles to one another 
(figure I3.30d). One semicircular eanal lies nearly in the transverse 
plane, one in the frontal plane, and one in the sagittal plane. The 
arrangement of the semicircular eanals enables a person to deteet 
movement in all direetions. 

The base of eaeh semicircular eanal is expanded into an 
ampulla (see figure 13.30a). Within eaeh ampulla, the epithelium 
is speeialized to form a erista ampullaris (kris'tà am-pu-lar'us) 
(figure 13.30/>). This speeialized sensory epithelium is structurally 
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Figure 13.30 semicircular eanals 

(a) Semicircular eanals showing the loeation of the erista ampullaris in the 
ampullae of the semicircular eanals. (b) Enlargement of the erista ampullaris, 
showing the cupula and hair eells. (e) Enlargement of a hair eell. 


and functionally very similar to the sensory epithelium of the macu- 
lae. Eaeh erista eonsists of a ridge or erest of epithelium with a 
curved, gelatinous mass, the cupula (koo'poo-là), suspended over 
the erest. The hairlike proeesses of the erista hair eells, which are 
stereoeilia similar to those in the maculae and eoehlear hair eells, are 
embedded in the cupula (figure 13.30c). The cupula eontains no 
otoliths and therefore does not respond to gravitational pull. 
Instead, the cupula is a float that is displaeed by endolymph move- 
ments within the semicircular eanals. 

As the head begins to move, the endolymph does not move at 
the same rate as the semicircular eanals, which are part of the tem- 
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Figlire 13.31 Function of the Semicircular eanals 

As a person begins to move, the semicircular eanals (erista ampullaris) begin to 
move with the body (blue arrow), but the endolymph tends to remain 
stationary relative to the movement.The cupula is displaeed by the endolymph 
in a direetion opposite to the direetion of movement (red arrow). 



poral bone (figure 13.31). This differenee causes displaeement of the 
cupula in a direetion opposite to that of the movement of the head. 
To appreeiate this effeet, imagine holding a feather (the cupula) in 
your hand (the erista ampullaris). If you rapidly move your hand, 
the feather bends over in the direetion opposite the movement as it 
drags through the air (endolymph). Bending of the stereoeilia results 
in the stimulation of sensory neurons. The brain interprets the 
direetion of head movement based on which hair eells in which 
erista ampullaris are stimulated. 

The semicircular eanals deteet ehanges in the rate of movement 
rather than movement alone because displaeement of the cupula is 
most intense when the rate of head movement ehanges rapidly. As 
with the statie balanee, the information the brain obtains regarding 
dynamie balanee is largely subconscious. 
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If a person continually spins in one direetion, the endolymph of 
the semicircular eanals begins to move and eatehes up with the 
cupula, and stimulation is stopped. If spinning suddenly stops, the 
endolymph continues to move because of its momentum, causing 
displaeement of the cupula in the same direetion as the head had 
been moving. The brain interprets this movement of the cupula to 
mean the head is moving in the opposite direetion of the spin, even 
though the head is no longer moving. This is why a person has a feel- 
ing of moving even after he or she has stopped spinning. 

Motion siekness and spaee Siekness 

Motion siekness eonsists of nausea, weakness, vomiting, and inea- 
paeitation brought on by movement. It is caused by stimulation of 
the semicircular eanals during motion, such as in a boat, an automo- 
bile, or an airplane; on a swing; or on an anrmsement park ride. The 
brain eompares sensory input from the semicircular eanals, eyes, and 
proprioeeptors in the lower limbs. Pereeived differenees in the input 
may result in motion siekness. 

Spaee siekness is a balanee disorder occurring in zero gravity 
and resulting from unfamiliar sensory input to the brain.The brain 
must adjust to these unusual signals, or severe symptoms, such as 
headaehes and dizziness, may result. Spaee siekness is unlike motion 
siekness in that motion siekness results from an excessive stimula- 
tion of the brain, whereas spaee siekness results from too little stimu- 
lation as a result of weightlessness. 


60 Define stotie bolonee and dynomie bolonee. Which parts of the inner 
ear are responsible for them? 

61 Deseribe the structure of maculae in the saccule and utricle. Explain 
how movement of the otolithie membrane is translated into 
pereeption of head position. 

62 What is the function of the semicircular eanals? Deseribe the erista 
ampullaris and its mode of operation. 

Neiironal Pathways for Balanee 

The axons of the sensory neurons supplying hair eells of the 
maculae and erista ampullaris form the vestibular nerve (see 
figure 13.28c and 13.30c). These sensory neurons are bipolar neu- 
rons, and their eell bodies are in the vestibular ganglion, a swelling 
of the vestibulocochlear nerve loeated in the internal acoustic 
meatus. The sensory neurons terminate in the vestibular nucleus 
within the medulla oblongata. Axons run from this nucleus to 
numerous areas of the CNS, such as the spinal eord, the eerebel- 
lum, the eerebral cortex, and the nuclei eontrolling the extrinsic 
eye muscles. 

Balanee is a complex proeess not simply eonfined to one type of 
input. In addition to vestibular sensory input, the vestibular nucleus 
reeeives input from proprioeeptive neurons throughout the body, as 
well as from the visual system. People are asked to elose their eyes 
while balanee is evaluated in a sobriety test because aleohol affeets the 
proprioeeptive and vestibular eomponents of balanee (eerebellar 
fimetion) to a greater extent than it does the visual portion. 


Reflex pathways exist between the dynamie balanee part of the 
vestibular system and the nuclei eontrolling the extrinsic eye 
muscles (oculomotor, troehlear, and abducent). A reflex pathway 
allows the maintenanee of visual fixation on an objeet while the 
head is in motion. This fianetion ean be demonstrated by spinning 
a person around about 10 times in 20 seeonds, stopping him or 
her, and observing eye movements. A slight oseillatory movement 
of the eyes, ealled nystagmus (nis-tag'mus), occurs. The eyes traek 
in the direetion of motion and return with a rapid reeovery move- 
ment before repeating the traeking motion. 

63 Deseribe the neuronal pathways for balanee. 

13.5 Effeets of Aging on 

the Speeial Senses 

Elderly people experience only a slight loss in the ability to deteet 
odors. However, the ability to identify speeifie odors eorreetly is 
deereased, espeeially in men over age 70. 

In general, the sense of taste deereases as people age. The num- 
ber of sensory reeeptors deereases and the brain’s ability to interpret 
taste sensations deelines. 

The lenses of the eyes lose flexibility as a person ages because the 
eonneetive tissue of the lenses beeomes more rigid. Consequently, 
there is first a reduction in and then an eventual loss of the lenses’ 
ability to ehange shape. This eondition, ealled presbyopia, is the most 
eommon age-related ehange in the eyes. 

The most eommon visual problem in older people requiring 
medieal treatment, such as surgery, is the development of eataraets. 
Macular degeneration is the seeond most eommon defeet, glaucoma 
is third, and diabetie retinopathy is fourth. 

The number of eones deereases, espeeially in the fovea eentralis. 
These ehanges cause a gradual deeline in visual acuity and eolor 
pereeption. 

As people age, the number of hair eells in the eoehlea 
deereases, leading to age-related hearing loss, ealled presbyacusis 
(prez'bé-à-koo'sis). This deeline does not occur equally in both 
ears, however. As a result, because direetion is determined by eom- 
paring sounds eoming into eaeh ear, elderly people may experience 
a deereased ability to loealize the origin of eertain sounds. In some 
people, this leads to a general sense of disorientation. In addition, 
CNS defeets in the auditory pathways ean result in difficulty 
understanding sounds with eehoes or background noise. Such a 
defieit makes it difficult for elderly people to understand rapid or 
broken speeeh. 

With age, the number of hair eells in the saccule, utricle, and 
ampullae deereases. The number of otoliths also deelines. As a 
result, elderly people experience a deereased sensitivity to gravity, 
aeeeleration, and rotation. Because of these deereases, elderly peo- 
ple experience dizziness (instability) and vertigo (a feeling of spin- 
ning). They often feel that they eannot maintain posture and are 
prone to falling. 

64 Explain the ehanges in taste, vision, hearing, and balanee that occur 
with aging. 
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Relevanee 


Ear Disorders 


Hearing Impairment 

The term hearing-impaired refers to 
any type or degree of hearing loss; the hear- 
ing loss ean be eondiietive, sensorineural, or a 
eombination of both. Conduction deafness 
involves a meehanieal defieieney in the 
transmission of sound vvaves from 
external ear to the spiral organ. The spiral 
organ and neuronal pathvvays for hearing 
function normally. Conductive hearing loss 
often ean be treated—for example, 
removing earwax bloeking the external 
acoustic meatus or by replaeing or repairing 
the auditory ossieles. If the degree of eon- 
ductive hearing loss does not justify surgical 
treatment, or if treatment does not resolve 
the hearing loss, a hearing aid may be ben- 
efìeial because the amplified (louder) sound 
waves it produces are transmitted through 
the conductive bloekage and may provide 
normal stimulation to the spiral organ. 

Sensorineural hearing loss involves the 
spiral organ or neuronal pathways. Sound 
waves are transmitted normally to the spiral 
organ, but the nervous system's ability to 
respond to the sound waves is impaired. 
Hearing aids are eommonly used by people 
with sensorineural hearing loss because the 
amplified sound waves they produce result in 


greater-than-normal stimulation of the spiral 
organ, helping overeome the pereeption of 
reduced sound volume. Sound elarity also 
improves with sound amplifieation but may 
never be pereeived as normal. 

The term deaf refers to sensorineural 
hearing loss so profound that the sense of 
hearing is nonfunctional, with or without 
amplifìeation, for ordinary purposes of life. 
Stimulation of the spiral organ or hearing 
nerve pathways ean help deaf people hear. 
One approaeh involves the direet stimulation 
of the eoehlear nerve by aetion potentials. 
The meehanism eonsists of a mierophone for 
pieking up sound waves; a mieroeleetronie 
proeessor for eonverting the sound into elee- 
trieal signals; a transmission system for relay- 
ing the signals to the inner ear; and a long, 
slender eleetrode that is threaded into the 
eoehlea.This eleetrode delivers eleetrieal sig- 
nals direetly to the eoehlear nerve. 


Otosderosis 

Otoselerosis (ò'tò-sklé-ró'sis) is an ear disor- 
der in which spongy bone grows over the oval 
window and immobilizes the stapes, leading 
to progressive loss of hearing. This disorder 
ean be surgically eorreeted by breaking away 
the bony growth and the immobilized stapes. 


During surgery, the stapes is replaeed by a 
small rod eonneeted by a fat pad or a syn- 
thetie membrane to the oval window at one 
end and to the incus at the other end. 


Tinnitus 

Tinnitus (ti-ni'tus) eonsists of phantom 
noises, such as ringing, elieking, whistling, 
buzzing, or booming, in the ears. These 
noises may occur as a result of disorders in 
the middle or inner ear or along the eentral 
neuronal pathways. Tinnitus is a eommon 
problem, affeeting 17% of the world's popu- 
lation. It is treated primarily by training peo- 
ple to ignore the sounds. 


Meniere Disease 

Meniere disease is the most eommon dis- 
ease involving dizziness from the inner ear. Its 
cause is unknown but it appears to involve a 
fluid abnormality in one (usually) or both ears. 
Symptoms include vertigo, hearing loss, tin- 
nitus, and a feeling of"fullness"in the affeeted 
ear. Treatment includes a low-salt diet and 
diuretics (water pills). Symptoms may also be 
treated with medieations for motion siekness. 
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ANATOMY & PHYSIOLOGY 


Summary 


13.1 Olfaetion (p. 370) 

Olfaetion is the sense of smell. 

Olfaetory Epithelium and Bulb 

1. Olfaetory neurons in the olfaetory epithelium are bipolar neurons. 

Their distal ends have olfaetory hairs. 

2. The olfaetory hairs have reeeptors that respond to dissolved substances. 
There are approximately 1000 diíferent odorant reeeptors. 

3. The reeeptors aetivate G proteins, which results in ion ehannels 
opening and depolarization. 

4. At least 7 (perhaps 30) primary odors exist. The olfaetory neurons have 
a very low threshold and aeeommodate rapidly. 

Neuronal Pathways for Olfaetion 

1. Axons from the olfaetory neurons extend as olfaetory nerves to the 
olfaetory bulb, where they synapse with interneurons. Axons from these 
eells form the olfaetory traets, which eonneet to the olfaetory cortex. 

2. The olfaetory bulbs and cortex aeeommodate to odors. 


13.2 Taste (p. 37i) 

Taste buds usually are assoeiated with papillae. 

Histology of Taste Buds 

1. Taste buds eonsist of taste eells, basilar eells, and supporting eells. 

2. The taste eells have taste hairs that extend into taste pores. 

Function of Taste 

1. Reeeptors on the hairs deteet dissolved substances. 

2. Five basie types of taste exist: sour, salty, bitter, sweet, 
and umami. 

Neuronal Pathways for Taste 

1. The faeial nerve earries taste sensations from the anterior two-thirds of 
the tongue, the glossopharyngeal nerve from the posterior one-third of 
the tongue, and the vagus nerve from the epiglottis. 

2. The neural pathways for taste extend from the medulla oblongata to the 
thalamus and to the eerebral cortex. 
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13.3 visual System <p. 372) 

Aeeessory structures 

1. The eyebrows prevent perspiration from entering the eyes and help 
shade the eyes. 

2. The eyelids eonsist of five tissue layers. They proteet the eyes from 
foreign objeets and help lubricate the eyes by spreading tears over their 
surface. 

3. The conjunctiva eovers the inner eyelid and the anterior part of the eye. 

4. Laerimal glands produce tears, which flow aeross the surface of the 
eye. Excess tears enter the laerimal canaliculi and reaeh the nasal 
eavity through the nasolaerimal eanal. Tears lubricate and proteet 
the eye. 

3. The extrinsic eye muscles move the eyeball. 

Anatomy of the Eye 

1. The fibrous layer is the outer layer of the eyeball. It eonsists of the selera 
and eornea. 

■ The selera is the posterior four-fifths of the eyeball. It is white 
eonneetive tissue that maintains the shape of the eyeball and 
provides a site for muscle attaehment. 

■ The eornea is the anterior one-fifth of the eye. It is transparent and 
refraets light that enters the eye. 

2. The vascular layer is the middle layer of the eyeball. 

■ The blaek ehoroid prevents the refleetion of light inside the eye. 

■ The iris is smooth muscle regulated by the autonomic nervous 
system. It eontrols the amount of light entering the pupil. 

■ The eiliary muscles eontrol the shape of the lens. They are smooth 
muscles regulated by the autonomic nervous system. The eiliary 
proeess produces aqueous humor. 

3. The retina is the inner layer of the eyeball and eontains neurons 
sensitive to light. 

■ The macula (fovea eentralis) is the area of greatest sensitivity to light. 

■ The optie dise is the loeation through which nerves exit and blood 
vessels enter the eye. It has no photosensory eells and is therefore 
the blind spot of the eye. 

4. The eyeball has three ehambers: anterior, posterior, and vitreous. 

■ The anterior and posterior ehambers are filled with aqueous humor, 
which circulates and leaves by way of the seleral venous sinus. 

■ The vitreous ehamber is filled with vitreous humor. 

3. The lens is held in plaee by the suspensory ligaments, which are 
attaehed to the lens capsule and eiliary body. 

Functions of the eomplete Eye 

1. Visible light is the portion of the eleetromagnetie speetmm that 
humans ean see. 

2. When light travels from one medium to another, it ean bend, or 
refraet. Light striking a eoneave surface refraets outward 
(divergenee). Light striking a convex surface refraets inward 
(eonvergenee). 

3. Converging light rays meet at the foeal point and are said to be focused. 

4. The eornea, aqueous humor, lens, and vitreous humor all refraet light. 
The eornea is responsible for most of the eonvergenee, whereas the lens 
ean adjust the eonvergenee by ehanging shape. 

■ Relaxation of the eiliary muscles causes the lens to flatten, 
producing the emmetropie eye. 

■ Contraction of the eiliary muscles causes the lens to beeome more 
spherieal. This ehange in lens shape enables the eye to focus on 
objeets that are less than 20 feet away, a proeess ealled 
aeeommodation. 

5. The far point of vision is the distanee at which the eye no longer has to 
ehange shape to focus on an objeet. The near point of vision is the 
elosest an objeet ean eome to the eye and still be focused. 


6. The pupil beeomes smaller during aeeommodation, inereasing the 
depth of focus. 

7. The eyes eonverge (rotate medially) when looking at close-up objeets. 

Structure and Function of the Retina 

1. The pigmented layer of the retina phagoeytizes the tips of rods and 
eones, produces retinal from vitamin A, and provides a blaek baekdrop 
for inereasing visual acuity. 

2. The rods and the eones synapse with bipolar eells that in turn synapse 
with ganglion eells, which form the optie nerves. 

3. Rods are responsible for noneolor vision and vision in low illumination 
(night vision). 

■ A pigment, rhodopsin, is split by light into retinal and opsin, 
eventually resulting in aetion potentials going to the brain. 

■ Light adaptation is caused by a reduction of rhodopsin; dark 
adaptation is caused by rhodopsin production. 

4. Cones are responsible for eolor vision and visual acuity. 

■ Cones are of three types, eaeh with a different type of iodopsin 
photopigment. The pigments are most sensitive to blue, red, and 
green light. 

■ Pereeption of many eolors results from mixing the ratio of the 
different types of eones that are aetive at a given moment. 

5. Most visual images are focused on the fovea eentralis and macula. The 
fovea eentralis has a very high eoneentration of eones. In the rest of the 
macula there are more eones than rods. Mostly rods are in the 
periphery of the retina. 

6. Bipolar and ganglion eells in the retina ean modify information sent to 
the brain. 

7. Interneurons in the inner layers of the retina enhanee eontrast between 
the edges of objeets. 

Neuronal Pathvvays for Vision 

1. Ganglion eell axons form the optie nerve, optie ehiasm, and 
optie traets. They extend to the thalamus, where they synapse. 

Lrom there, neurons form the optie radiations that projeet to the 
visual cortex. 

2. Neurons from the nasal visual field (temporal retina) of one eye and 
the temporal visual field (nasal retina) of the opposite eye projeet 

to the same eerebral hemisphere. Axons from the nasal retina eross 
in the optie ehiasm, and axons from the temporal retina remain 
uncrossed. 

3. Depth pereeption is the ability to judge relative distanees of an objeet 
from the eyes and is a property of binocular vision. Binocular vision 
results because a slightly different image is seen by eaeh eye. 

13.4 Hearing and Balanee (p. 389) 

The osseous labyrinth is a eanal system within the temporal bone that 
eontains perilymph and the membranous labyrinth. Endolymph is inside 
the membranous labyrinth. 

Auditory Structures and Their Functions 

1. The external ear eonsists of the auricle and external acoustic meatus. 

2. The middle ear eonneets the external and inner ears. 

■ The tympanie membrane is stretehed aeross the external acoustic 
meatus. 

■ The malleus, incus, and stapes eonneet the tympanie membrane to 
the oval window of the inner ear. 

■ The auditory tube eonneets the middle ear to the pharynx and 
equalizes pressure. 

■ The middle ear is eonneeted to the mastoid air eells. 

3. The inner ear has three parts: the semicircular eanals; the vestibule, 
which eontains the utricle and the saccule; and the eoehlea. 
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4. The eoehlea is a spiral-shaped eanal within the temporal bone. 

■ The eoehlea is divided into three eompartments by the vestibular 
and basilar membranes. The seala vestibuli and seala tympani 
eontain perilymph. The eoehlear duct eontains endolymph and the 
spiral organ. 

■ The spiral organ eonsists of inner hair eells and outer hair eells, 
which attaeh to the teetorial membrane. 

Auditory Function 

1. Piteh is determined by the frequency of sound waves and volume by 
the amplitude of sound waves. Timbre is the resonanee quality 
(overtones) of sound. 

2. Hearing involves the following: 

■ Sound waves are funneled by the auricle down the external acoustic 
meatus, causing the tympanie membrane to vibrate. 

■ The tympanie membrane vibrations are passed along the auditory 
ossieles to the oval window of the inner ear. 

■ Movement of the stapes in the oval window causes the perilymph, 
vestibular membrane, and endolymph to vibrate, producing 
movement of the basilar membrane. 

■ Movement of the basilar membrane causes bending of the 
stereoeilia of inner hair eells in the spiral organ. 

■ Bending of the stereoeilia pulls on gating springs, which open K + 
ehannels. 

■ Potassium ions entering the hair eell result in depolarization of 
the eell. 

■ Depolarization causes the release of glutamate, generating aetion 
potentials in the sensory neurons assoeiated with hair eells. 

■ The round window dissipates sound waves and proteets the inner 
ear from pressure buildup. 

Neuronal Pathways for Hearing 

1. Axons from the vestibulocochlear nerve synapse in the medulla. 

Neurons from the medulla projeet axons to the inferior colliculi, where 
they synapse. Neurons from this point projeet to the thalamus and 
synapse. Thalamie neurons extend to the auditory cortex. 


2. Efferent neurons projeet to eranial nerve nuclei responsible for 
eontrolling muscles that dampen sound in the middle ear. 

Balanee 

1. Statie balanee evaluates the position of the head relative to gravity and 
deteets linear aeeeleration and deeeleration. 

■ The utricle and saccule in the inner ear eontain maculae. The 
maculae eonsist of hair eells with the hairs embedded in an otolithie 
membrane eonsisting of a gelatinous mass and erystals ealled 
otoliths. 

■ The otolithie membrane moves in response to gravity. 

2. Dynamie balanee evaluates movements of the head. 

■ Three semicircular eanals at right angles to one another are present 
in the inner ear. The ampulla of eaeh semicircular eanal eontains the 
erista ampullaris, which has hair eells with hairs embedded in a 
gelatinous mass, the cupula. 

■ When the head moves, endolymph within the semieiraffar eanal 
moves the cupula. 

Neuronal Pathways for Balanee 

1. Axons from the maculae and the eristae ampullares extend to the 
vestibular nucleus of the medulla. Fibers from the medulla run to the 
spinal eord, cerebellum, cortex, and nuclei that eontrol the extrinsic 
eye muscles. 

2. Balanee also depends on proprioeeption and visual input. 

13.5 Effeets of Aging on the Speeial 

Senses (p. 4 od 

Elderly people experience a deeline in ffmetion of all the speeial senses: 

olfaetion, taste, vision, hearing, and balanee. These deelines ean result in 

loss of appetite, visual impairment, disorientation, and risk of falling. 


Review and eomprehension 


13.1 Olfaetion (p. 370 ) 

1. Olfaetory neurons 

a. have projeetions ealled eilia. 

b. have axons that eombine to form the olfaetory nerves. 
e. eonneet to the olfaetory bulb. 

d. have reeeptors that reaet with odorants dissolved in fluid. 

e. all of the above. 

13.2 Taste (p. 37i) 

2. Taste eells 

a. are found only on the tongue. 

b. extend through tiny openings ealled taste buds. 

e. have no axons but release neurotransmitters when stimulated. 

d. have axons that extend direetly to the taste area of the eerebral 
cortex. 

3. Which of these is not one of the basie tastes? 

a. spiey d. umami 

b. salty e. sour 

e. bitter 


13.3 visual System <p. 372) 

4. Tears 

a. are released onto the surface of the eye near the medial eorner of 
the eye. 

b. in excess are removed by the seleral venous sinus. 
e. in excess ean cause a sty. 

d. ean pass through the nasolaerimal duct into the oral eavity. 

e. eontain water, salts, mucus, and lysozyme. 

3. The fibrous layer of the eye includes the 

a. conjunctiva. d. iris. 

b. selera. e. retina. 

e. ehoroid. 

6. The eiliary body 

a. attaehes to the lens by suspensory ligaments. 

b. produces the vitreous humor. 
e. is part of the iris of the eye. 

d. is part of the selera. 

e. all of the above. 
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7. Given these structures: 

1. lens 3. vitreous humor 

2. aqueous humor 4. eornea 

Choose the arrangement that lists the structures in the order that light 
entering the eye encounters them. 

a. 1,2,3>4 e. 4,1,2,3 e. 4,3,2,1 

b. 1,4,2,3 d. 4,2,1,3 

8. Aqueous humor 

a. is the pigment responsible for the blaek eolor of the ehoroid. 

b. exits the eye through the seleral venous sinus. 
e. is produced by the iris. 

d. ean cause eataraets if overproduced. 

e. is eomposed of proteins ealled erystallines. 

9. Contraction of the smooth muscle in the eiliary body causes the 

a. lens to flatten. 

b. lens to beeome more spherieal. 

e. pupil to eonstriet. 

d. pupil to dilate. 

10. Given these events: 

1. medial rectus eontraets 

2. lateral rectus eontraets 

3. pupils dilate 

4. pupils eonstriet 

3. lens of the eye flattens 

6. lens of the eye beeomes more spherieal 

Assume you are looking at an objeet 30 feet away. If you suddenly look 
at an objeet that is 1 foot away, which events occur? 

a. 1,3,6 d. 2,3,6 

b. 1,4,3 e. 2,4,5 

e. 1,4,6 

11. Given these neurons in the retina: 

1. bipolar eells 

2. ganglion eells 

3. photoreeeptor eells 

Choose the arrangement that lists the eorreet order of the eells 
encountered by light as it enters the eye and travels toward the 
pigmented retina. 

a. 1,2,3 d. 2,3,1 

b. 1,3,2 e. 3,1,2 

e. 2,1,3 

12. Which of these photoreeeptor eells is eorreetly matehed with its 
function? 

a. rods—vision in bright light 

b. rods—visual acuity 

e. eones—eolor vision 

13. Concerning dark adaptation, 

a. the amount of rhodopsin inereases. 

b. the pupils eonstriet. 

e. it occurs more rapidly than light adaptation. 

d. all of the above. 

14. Given these areas of the retina: 

1. macula 3. optie dise 

2. fovea eentralis 4. periphery of the retina 

Choose the arrangement that lists the areas aeeording to the density of 
eones, starting with the area that has the highest density of eones. 

a. 1,2,3,4 d. 2,4,1,3 

b. 1,3,2,4 e. 3,4,1,2 

e. 2,1,4,3 


15. Concerning axons in the optie nerve from the right eye, 

a. they all go to the right oeeipital lobe. 

b. they all go to the left oeeipital lobe. 
e. they all go to the thalamus. 

d. they all go to the superior colliculus. 

e. some go to the right oeeipital lobe and some go to the left oeeipital 
lobe. 

16. A person with an abnormally powerful focusing system is 

_and uses a_to eorreet his or her 

vision. 

a. nearsighted, eoneave lens 

b. nearsighted, convex lens 
e. farsighted, eoneave lens 

d. farsighted, convex lens 

13.4 Hearing and Balanee <p. 389) 

17. Which of these structures is found within or is a part of the external 
ear? 

a. oval window 

b. auditory tube 

e. ossieles 

d. external acoustic meatus 

e. eoehlear duct 

18 Given these auditory ossieles: 

1. incus 

2. malleus 

3. stapes 

Choose the arrangement that lists the auditory ossieles in order from 
the tympanie membrane to the inner ear. 

a. 1,2,3 d. 2,3,1 

b. 1,3,2 e. 3,2,1 

e. 2,1,3 

19. The spiral organ is found within the 

a. eoehlear duct. d. vestibule. 

b. seala vestibuli. e. semicircular eanals. 

e. seala tympani. 

20. An inerease in the loudness of sound occurs as a result of an inerease in 

the_of the sound wave. 

a. frequency e. resonanee 

b. amplitude d. both a and b 

21. Given these structures: 

1. perilymph 

2. endolymph 

3. vestibular membrane 

4. basilar membrane 

Choose the arrangement that lists the structures in the order sound 
waves eoming from the outside encounter them in producing sound. 

a. 1,3,2,4 d. 2,4,1,3 

b. 1,4,2,3 e. 3,4,2,1 

e. 2,3,1,4 

22. Interpretation of different sounds is possible because of the ability of 

the_to vibrate at different frequencies and stimulate 

the_ 

a. vestibular membrane, vestibular nerve 

b. vestibular membrane, spiral organ 
e. basilar membrane, vestibular nerve 
d. basilar membrane, spiral organ 
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23. Which structure is a speeialized reeeptor found within the utricle? 

a. macula 

b. erista ampullaris 
e. spiral organ 

d. cupula 

24. Damage to the semicircular eanals affeets the ability to deteet 

a. sound. 

b. the position of the head relative to the ground. 

e. the movement of the head in all direetions. 
d. all of the above. 


13.5 Effeets of Aging on the Speeial 

Senses (p. 4 od 

23. With age, 

a. the ability to deteet odors is greatly deereased. 

b. a deerease in the number of rods results in deereased visual acuity. 
e. a deerease in the number of hair eells in the eoehlea leads to 

hearing loss. 

d. the number of hair eells in the saccule, utricle, and ampullae does 
not ehange. 

e. all of the above. 

Answers in Appendix E 


eritieal Thinking 


1. An elderly man with normal vision develops eataraets. He is surgically 
treated by removing the lenses of his eyes. What kind of glasses would 
you reeommend he wear to eompensate for the removal of his lenses? 

2. Some animals have a refleetive area in the ehoroid ealled the tapetum 
lucidum. Light entering the eye is refleeted baek instead of being 
absorbed by the ehoroid. What would be the advantage of this 
arrangement? The disadvantage? 

3. Perhaps you have heard someone say that eating earrots is good for the 
eyes. What is the basis for this elaim? 

4. On a eamping trip, Jean Tights rips her pants. That evening, she is 
going to repair the rip. As the sun goes down, the light beeomes 
dimmer and dimmer. When she tries to thread the needle, it is obvious 
that she is not looking direetly at the needle but is looking a few inehes 
to the side. Why does she do this? 

3. A man stares at a blaek eloek on a white wall for several minutes. Then 
he shifts his view and looks at only the blank white wall. Although he is 


no longer looking at the eloek, he sees a light eloek against a dark 
background. Explain what is happening. 

6. Deseribe the results of a lesion of the left optie traet. 

7. Professional divers are subject to inereased pressure as they 
deseend to the bottom of the oeean. Sometimes this pressure 
ean lead to damage to the ear and loss of hearing. Deseribe the 
normal meehanisms that adjust for ehanges in pressure, suggest some 
eonditions that might interfere with pressure adjustment, and 
explain how the inereased pressure might cause loss of hearing. 

8. What effeet does faeial nerve damage have on hearing? 

9. If a vibrating tuning fork is plaeed against the mastoid proeess of 
the temporal bone, the vibrations are pereeived as sound, even if 
the external acoustic meatus is plugged. Explain how this 
happens. 

Answers in Appendix F 
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14.1 eontrasting the Somatie Motor and 

Autonomic Nervous Systems 408 

1. Compare the structural differenees between the somatie motor 
nervous system and the autonomic nervous system. 

14.2 Anatomy of the Autonomic Nervous 

System 409 



2. Deseribe the sympathetie division and the pathways by which 
sympathetie neurons extend from the spinal eord to target organs. 

3. Deseribe the parasympathetie division and the pathways by which 
parasympathetie neurons extend from the spinal eord to target 
organs. 

4. Deseribe the enterie nervous system and the major types of enterie 
neurons. 

Physiology of the Autonomic Nervous 

System 413 

5. List the neurotransmitter substances for the preganglionie and 
postganglionie neurons for both the parasympathetie and 
sympathetie divisions. 

6. Deseribe reeeptor types within autonomic synapses that respond to 
aeetyleholine and norepinephrine, and deseribe their loeation. 

7. Compare the autonomic nervous system's response to nieotine and 
muscarine. 

Regulation of the Autonomic Nervous 
System 418 

8. Explain how autonomic reflexes help maintain homeostasis. 

9. Give an example for eaeh eategory of drugs that affeet the 
autonomic nervous system, and explain the general influence of the 
drug on the autonomic nervous system. 

Functional Generalizations About the 
Autonomic Nervous System 420 

10. List the generalizations that ean be made about the autonomic 
nervous system, and deseribe the limitations of eaeh generalization. 


Light photomierograph from a seetion of the small intestine, show- 
ing the nerve eells of the enterie plexus. These nerve eells regulate 
the eontraetion of smooth muscle and the seeretion of glands 
within the intestinal wall. 
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lntroduction 

D uring a pienie on a sunny spring day, it is easy to eon- 

eentrate on the delicious food and the pleasant sur- 
roundings. The maintenanee of homeostasis requires no 
conscious thought. The autonomic nervous system (ANS) helps 
keep body temperature at a eonstant level by eontrolling the 
aetivity of sweat glands and the amount of blood flowing 
through the skin. The ANS helps regulate the complex aetivities 
neeessary for the digestion of food. The movement of absorbed 
nutrients to tissues is possible because the ANS eontrols heart 
rate, which helps maintain the blood pressure neeessary to 
deliver blood to tissues. Without the ANS, all of the aetivities 
neeessary to maintain homeostasis would be overwhelming. 

A functional knowledge of the ANS enables you to prediet 
general responses to a variety of stimuli, explain responses to 
ehanges in environmental eonditions, eomprehend symptoms 
that result from abnormal autonomic functions, and understand 
how drugs affeet the ANS. 


14.1 eontrasting the Somatie 

Motor and Aiitonomie 
Nervous Systems 

The peripheral nervous system (PNS) is eomposed of sensory and 
motor neurons. Sensory neurons earry aetion potentials from the 
periphery to the eentral nervous system (CNS), and motor neurons 
earry aetion potentials from the CNS to the periphery. Motor neu- 
rons are either somatie motor neurons, which innervate skeletal 
muscle, or autonomic motor neurons, which innervate smooth 
muscle, eardiae muscle, and glands. 

Although axons of autonomic, somatie, and sensory neurons are 
in the same nerves, the proportion varies from nerve to nerve. For 
example, nerves innervating smooth muscle, eardiae muscle, and 
glands, such as the vagus nerves, eonsist primarily of axons of auto- 
nomie motor neurons and sensory neurons. Nerves innervating 
skeletal muscles, such as the seiatie nerves, eonsist primarily of axons 
of somatie motor neurons and sensory neurons. Some eranial nerves, 
such as the olfaetory, optie, and vestibulocochlear nerves, are eom- 
posed entirely of axons of sensory neurons. 

The eell bodies of somatie motor neurons are in the CNS, and 
their axons extend from the CNS to skeletal muscle (figure 14.1T). The 
ANS, on the other hand, has two neurons in a series extending 
between the CNS and the organs innervated (figure \A.\b). The first 
neurons of the series are ealled preganglionie neurons. Their eell bod- 
ies are loeated in the CNS within either the brainstem or the lateral 
part of the spinal eord gray matter, and their axons extend to auto- 
nomie ganglia loeated outside the CNS. The autonomic ganglia 
eontain the eell bodies of the seeond neurons of the series, which are 
ealled postganglionie neurons. The preganglionie neurons synapse 
with the postganglionie neurons in the autonomic ganglia. The axons 
of the postganglionie neurons extend from autonomic ganglia to effee- 
tor organs, where they synapse with their target tissues. 
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Figure 14.1 organization of somatie Motor and 

Aiitonomie Nervous System Neurons 

{a) The eell body of the somatie motor neuron is in the CNS, and its axon 
extends to the skeletal muscle. (b)The eell body of the preganglionie neuron is 
in the CNS, and its axon extends to the autonomic ganglion and synapses with 
the postganglionie neuron.The postganglionie neuron extends to and 
synapses with its effeetor organ. 


Many movements eontrolled by the somatie motor nervous 
system are conscious, whereas ANS fimetions are unconsciously eon- 
trolled. The effeet of somatie motor neurons on skeletal muscle is 
always excitatory, but the effeet of the ANS on target tissues ean be 
excitatory or inhibitory. For example, after a meal, the ANS ean 
stimulate stomaeh aetivities but, during exercise, the ANS ean inhibit 
those aetivities. Table 14.1 summarizes the differenees between the 
somatie motor nervous system and the ANS. 

Sensory neurons are not elassified as somatie or autonomic. 
These neurons propagate aetion potentials from sensory reeeptors to 
the CNS and ean provide information for reflexes mediated through 
the somatie motor nervous system or the ANS. For example, stimula- 
tion of pain reeeptors ean initiate somatie reflexes, such as the with- 
drawal reflex, and autonomic reflexes, such as an inerease in heart 
rate. Although some sensory neurons primarily affeet somatie func- 
tions and others primarily influence autonomic fianetions, fimetional 
overlap makes attempts to elassify sensory neurons as either somatie 
or autonomic meaningless. 
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Table 14.1 


eomparison of the Somatie Motor and Autonomic Nervous Systems 


Features 

Somatie IVIotor Nervous System 

Autonomic Nervous System 

Target tissues 

Skeletal muscle 

Smooth muscle, eardiae muscle, and glands 

Regulation 

Controls all conscious and unconscious 
movements of skeletal muscle 

Unconscious regulation, although influenced by conscious mental 
functions 

Response to stimulation 

Skeletal muscle eontraets. 

Target tissues are stimulated or inhibited. 

Neuron arrangement 

One neuron extends from the eentral 
nervous system (CNS) to skeletal 
muscle. 

There are two neurons in series; the preganglionie neuron extends from 
the CNS to an autonomic ganglion, and the postganglionie neuron extends 
from the autonomic ganglion to the target tissue. 

Neuron eell body loeation 

Neuron eell bodies are in motor nuclei 
of the eranial nerves and in the ventral 
horn of the spinal eord. 

Preganglionie neuron eell bodies are in autonomic nuclei of the eranial 
nerves and in the lateral part of the spinal eord; postganglionie neuron 
eell bodies are in autonomic ganglia. 

Number of synapses 

One synapse between the somatie motor 
neuron and the skeletal muscle 

Two synapses: first is in the autonomic ganglia, and seeond is at the target 
tissue 

Axon sheaths 

Myelinated 

Preganglionie axons are myelinated; postganglionie axons are unmyelinated. 

Neurotransmitter 

substance 

Aeetyleholine 

Aeetyleholine is released by preganglionie neurons; either aeetyleholine 
or norepinephrine is released by postganglionie neurons. 

Reeeptor molecules 

Reeeptor molecules for aeetyleholine are 
nieotinie. 

In autonomic ganglia, reeeptor molecules for aeetyleholine are nieotinie; in 
target tissues, reeeptor molecules for aeetyleholine are muscarinic, whereas 
reeeptor molecules for norepinephrine are either a- or p-adrenergie. 


1 Contrast the somatie motor nervous system with the ANS for eaeh of 
the following: 

a. the number ofneurons between the CNS and effeetor organ 

b. the loeation of neuron eell bodies 
e. the structures eaeh innervates 

d. inhibitory or excitatory effeets 

e. conscious or unconscious eontrol 

2 Why are sensory neurons not elassifìed as somatie or autonomic? 

3 Define preganglionie neuron, postganglionie neuron, and autonomic 
ganglia. 


14.2 Anatomy of the Aiitonomie 

Nervoiis System 

Tlie ANS is subdivided into the sympathetie and the parasympa- 
thetie divisions and the enterie (en-ter'ik, bowels) nervous system 
(ENS) . The sympathetie and parasympathetie divisions differ structur- 
ally in (1) the loeation of their preganglionie neuron eell bodies within 
the CNS and (2) the loeation of their autonomic ganglia. 

The enterie nervous system is a complex network of neuron eell 
bodies and axons within the wall of the digestive traet. An important part 
of this network is sympathetie and parasympathetie neurons. For this 
reason, the enterie nervous system is eonsidered to be part of the ANS. 

Sympathetie Division 

Cell bodies of sympathetie preganglionie neurons are in the lateral 
horns of the spinal eord gray matter between the first thoraeie 
(Tl) and the seeond lumbar (L2) segments (figure 14.2). The 
sympathetie division is sometimes ealled the thoracolumbar 
division because of the loeation of the preganglionie eell bodies. 


T1 


L2 


Preganglionie neuron 
Postganglionie neuron 



Preganglionie eell body 
in lateral horn of 
gray matter 

Preganglionie neuron 
to sympathetie ehain 
ganglion 


Postganglionie neurons 


Preganglionie neuron 
to eollateral ganglion 


Postganglionie neurons 


Oollateral ganglia 

Sympathetie 
ehain ganglia 


Figure 14.2 sympathetie Division ap:r 

The loeation of sympathetie preganglionie ( solidblue ) and postganglionie ( dotted 
blue ) neurons.The preganglionie eell bodies are in the lateral gray matter of the 
thoraeie and lumbar parts of the spinal eord.The eell bodies of the postganglionie 
neurons are within the sympathetie ehain ganglia or within eollateral ganglia. 
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The axons of the preganglionie neurons pass through the ventral 
roots of spinal nerves Tl—L2, course through the spinal nerves for 
a short distanee, leave these nerves, and projeet to sympathetie 
ganglia. There are two types of sympathetie ganglia: sympathetie 
ehain ganglia and eollateral ganglia. Sympathetie ehain ganglia 
are ganglia eonneeted to eaeh other to form a ehain. A set of sym- 
pathetie ehain ganglia is loeated along the left and right sides of 
the vertebral column. They are also ealled paravertebral (along- 
side the vertebral column) ganglia because of their loeation. 
Although the sympathetie division originates in the thoraeie and 
lumbar vertebral regions, the sympathetie ehain ganglia extend 
into the eervieal and saeral regions. As a result of ganglia fusion 
during fetal development, there are typieally 3 pairs of eervieal 
ganglia, 11 pairs of thoraeie ganglia, 4 pairs of lumbar ganglia, and 
4 pairs of saeral ganglia. The eollateral (meaning aeeessory) 
ganglia are unpaired ganglia loeated in the abdominopelvie eavity. 
They are also ealled prevertebral (in front of the vertebral column) 
ganglia because they are anterior to the vertebral column. 

The axons of preganglionie neurons are small in diameter and 
myelinated. The short eonneetion between a spinal nerve and a sym- 
pathetie ehain ganglion through which the preganglionie axons pass 
is ealled a white ramus communicans (rà'mís kò-mu'ni-kans, pl. 
rami eommimieantes, rà'ml ko-mu-ni-kan'téz) because of the whitish 
eolor of the myelinated axons (figure 14.3). 

Sympathetie axons exit the sympathetie ehain ganglia by the 
following four routes: 

1. Spinal nerves (see figure \A3a). Preganglionie axons synapse 
with postganglionie neurons in sympathetie ehain ganglia. They 
ean synapse at the same level that the preganglionie axons enter 
the sympathetie ehain, or they ean pass superiorly or inferiorly 
through one or more ganglia and synapse with postganglionie 
neurons in a sympathetie ehain ganglion at a different level. 
Axons of the postganglionie neurons pass through a gray ramus 
communicans and reenter a spinal nerve. Postganglionie axons 
are not myelinated, thereby giving the gray ramus communicans 
its grayish eolor. All spinal nerves reeeive postganglionie axons 
from a gray ramus communicans. The postganglionie axons 
then projeet through the spinal nerve to smooth muscle and 
glands loeated in the skin and skeletal muscles. 

2. Sympathetie nerves (see figure 14.3^). Preganglionie axons enter the 
sympathetie ehain and synapse in a sympathetie ehain ganglion at 
the same or a different level with postganglionie neurons. The 
postganglionie axons leaving the sympathetie ehain ganglion form 
sympathetie nerves, which supply organs in the thoraeie eavity. 

3. Splanehnie (splangk'nik) nerves (see figure 14.3 e). Some 
preganglionie axons enter sympathetie ehain ganglia and, without 
synapsing, exit at the same or a different level to form splanehnie 
nerves. Those preganglionie axons extend to eollateral ganglia, 
where they synapse with postganglionie neurons. Axons of the 
postganglionie neurons leave the eollateral ganglia through small 
nerves that extend to effeetor organs in the abdominopelvie eavity. 

4. Innervation to the adrenalgland (see figure 14.3 d). The 
splanehnie nerve innervation to the adrenal glands is different 
from other ANS nerves because it eonsists of only preganglionie 
neurons. Axons of the preganglionie neurons do not synapse in 
sympathetie ehain ganglia or in eollateral ganglia. Instead, 


the axons pass through those ganglia and synapse with eells in the 
adrenal medulla. The adrenal medulla is the inner portion of 
the adrenal gland; it eonsists of speeialized eells derived during 
embryonie development from neural erest eells (see ehapter 23), 
which are the same population of eells that gives rise to the 
postganglionie eells of the ANS. Adrenal medullary eells are 
round, have no axons or dendrites, and are divided into two 
groups. About 80% of the eells seerete epinephrine (ep'i-nef'rin), 
also ealled adrenaline (à-dren'à-lin), and about 20% seerete 
norepinephrine (nòr'ep-i-nef'rin), also ealled noradrenaline 
(nòr-à-dren'à-lin). Stimulation of these eells by preganglionie 
axons causes the release of epinephrine and norepinephrine. 
These substances circulate in the blood and affeet all tissues 
having reeeptors to which they ean bind. The general response to 
epinephrine and norepinephrine released from the adrenal medulla 
is to prepare the individual for physieal aetivity. Seeretions of 
the adrenal medulla are eonsidered hormones because they are 
released into the general circulation and travel some distanee to 
the tissues in which they have their effeet (see ehapter 13). 

4 Where are the eell bodies of sympathetie preganglionie neurons 
loeated? 

5 What types of axons (preganglionie or postganglionie, myelinated or 
unmyelinated) are found in white and gray rami eomnrmnieantes? 

6 Where do preganglionie neurons synapse with postganglionie 
neurons that are found in spinal and sympathetie nerves? 

7 Where do preganglionie axons that form splanehnie nerves (except 
those to the adrenal gland) synapse with postganglionie neurons? 

8 What is unusual about the splanehnie nerve innervation to the 
adrenal gland? What do the speeialized eells of the adrenal medulla 
seerete, and what is the effeet of these substances? 


Parasympathetie Divísíon 

The eell bodies of parasympathetie preganglionie neurons are either 
within eranial nerve nuclei in the brainstem or within the lateral 
parts of the gray matter in the saeral region of the spinal eord from 
S2 to S4 (figure 14.4). For that reason, the parasympathetie division 
is sometimes ealled the eraniosaeral (krà'né-ò-sà'kràl) division. 

Axons of the parasympathetie preganglionie neurons from the 
brain are in eranial nerves III, VII, IX, and X and from the spinal 
eord in pelvie splanehnie nerves. The preganglionie axons course 
through these nerves to terminal ganglia, where they synapse with 
postganglionie neurons. The axons of the postganglionie neurons 
extend relatively short distanees from the terminal ganglia to the 
effeetor organs. The terminal ganglia are either near or embedded 
within the walls of the organs innervated by the parasympathetie 
neurons. Many of the parasympathetie ganglia are small but some, 
such as those in the wall of the digestive traet, are large. 

Table 14.2 summarizes the structural differenees between the 
sympathetie and parasympathetie divisions. 

9 Where are the eell bodies of parasympathetie preganglionie neurons 
loeated? In what structure do parasympathetie preganglionie 
neurons synapse with postganglionie neurons? 

10 What nerves are formed by the axons of parasympathetie 
preganglionie neurons? 
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Preganglionie neiiron 
Postganglionie neuron 


Preganglionie axon 
in a spinal nerve 


White ramus 
communicans 

Sympathetie 
ehain ganglion 

Gray ramus 
communicans 


Postganglionie axon 
in a spinal nerve 



Preganglionie 
axon in a 
spinal nerve 


White ramus 
communicans 

Sympathetie 
ehain ganglion 

Sympathetie 

nerve 

Postganglionie 

axon 


(a) Preganglionie axons from a spinal nerve pass through a vvhite ramus (b) Part (b) is like part (a), except that eaeh postganglionie neuron exits a 

eomnrmnieans into a sympathetie ehain ganglion. Some axons synapse with a sympathetie ehain ganglion through a sympathetie nerve. 

postganglionie neuron at the level of entry; others aseend or deseend to other 
levels before synapsing. Eaeh postganglionie axon exits the sympathetie ehain 
through a gray ramus communicans and enters a spinal nerve. 


Preganglionie axon 
in a spinal nerve 


White ramus _ 

communicans 

Sympathetie ehain _ 
ganglion 

Splanehnie nerve — 
Preganglionie axon 
Oollateral ganglion - 
Postganglionie axon 



Preganglionie 
axon in a 
spinal nerve 


White ramus 
communicans 

Sympathetie 
ehain ganglion 


Splanehnie nerve 

Oollateral 

ganglion 

Preganglionie axon 


(e) Preganglionie neurons do not synapse in the sympathetie ehain ganglia, but 
exit in splanehnie nerves and extend to a eollateral ganglion, where they 
synapse with postganglionie neurons. 


(d) Part (d) is like part (e), except that the preganglionie axons extend to 
the adrenal medulla, where they synapse with speeialized adrenal 
medullary eells. 


Figure 14.3 Routes Taken by sympathetie Axons 

Preganglionie axons are illustrated as solid lines and postganglionie axons as dashed lines. 
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Preganglionie neuron 


Oranial 

nerves 




Postganglionie neuron 


Midbrain 


Pons 


Medulla 


Brainstem 




Postganglionie 

neurons 



Saeral region 
of spinal eord 
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Figlire 14.4 Parasympathetie Division ;ap:r 

The loeation of parasympathetie preganglionie ( solidred ) and postganglionie 
(i dottedred ) neurons. The preganglionie neuron eell bodies are in the brainstem 
and the lateral gray matter of the saeral part of the spinal eord, and the 
postganglionie neuron eell bodies are within terminal ganglia. 


Enterie Nervous System 

The enterie nervous system eonsists of nerve plexuses in the wall of the 
digestive traet, the gallbladder and bile ducts, and the panereas (see 
ehapter 21). The plexuses have contributions from three sources: 
(1) sensory neurons that eonneet the digestive traet to the CNS, (2) ANS 
motor neurons that eonneet the CNS to the digestive traet, and 
(3) enterie neurons, which are eonfined to the enterie plexuses. The 
CNS is eapable of monitoring the digestive traet and eontrolling its 
smooth muscle and glands through autonomic reflexes (see “Regulation 
of the Autonomic Nervous System,” p. 418). For example, streteh of 
the digestive traet is deteeted by sensory neurons and aetion potentials 
are transmitted to the CNS. In response, the CNS sends aetion poten- 
tials to glands in the digestive traet, causing them to seerete. 

There are several major types of enterie neurons: (1) Enterie sen- 
sory neurons ean deteet ehanges in the ehemieal eomposition of the 
eontents of the digestive traet or deteet streteh of the digestive traet 
wall, (2) enterie motor neurons ean stimulate or inhibit smooth muscle 
eontraetion and gland seeretion, and (3) enterie interneurons eonneet 
enterie sensory and motor neurons to eaeh other. Enterie neurons are 
eapable of monitoring and eontrolling the digestive traet indepen- 
dently of the CNS through loeal reflexes (see “Regulation of the 
Autonomic Nervous System,” p. 418). For example, streteh of the 
digestive traet is deteeted by enterie sensory neurons, which stimulate 
enterie interneurons. The enterie interneurons stimulate enterie motor 
neurons, which stimulate glands to seerete. Although the enterie ner- 
vous system is eapable of eontrolling the aetivities of the digestive traet 
independently of the CNS, normally the two systems work together. 

11 What is the enterie nervous system and where is it loeated? 

12 How does the CNS monitor and eontrol the digestive traet? 

13 Name three major types of enterie neurons. How do the enterie 
neurons monitor and eontrol the digestive traet? 


Prediet 



What type of ganglia (ehain ganglia, eollateral ganglia, or terminal ganglia) are 
found in the enterie plexus? What type (preganglionie or postganglionie) of 
sympathetie and parasympathetie axons contribute to the enterie plexus? 


Table 14.2 


eomparison of the Sympathetie and Parasympathetie Divisions 


Features 

Sympathetie Division 

Parasympathetie Division 

Loeation of preganglionie eell body 

Lateral horns of spinal eord gray matter (T1-L2) 

Brainstem and lateral parts of spinal eord gray matter (S2-S4) 

Outflow from the CNS 

Spinal nerves 

Cranial nerves 


Sympathetie nerves 

Splanehnie nerves 

Pelvie splanehnie nerves 

Ganglia 

Sympathetie ehain ganglia along spinal eord for 
spinal and sympathetie nerves; eollateral 
ganglia for splanehnie nerves 

Terminal ganglia near or on effeetor organ 

Number of postganglionie neurons 
for eaeh preganglionie neuron 

Many (much divergenee) 

Few (less divergenee) 

Relative length of neurons 

Short preganglionie 

Long preganglionie 


Long postganglionie 

Short postganglionie 



/ 
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Distribution of Autonomic 
Nerve Fibers 

The ANS supplies smooth muscle, eardiae muscle, and glands. When 
we name the effeetor organs supplied by the ANS, we name the 
smooth muscle, eardiae muscle, or glands of the organ that is sup- 
plied. For example, smooth muscle is part of the walls of blood ves- 
sels, eontrolling blood vessel diameter and the flow of blood through 
vessels. All organs supplied by blood vessels are innervated by the 
ANS. To say that the ANS supplies skeletal muscle does not mean 
that it innervates skeletal muscle fibers. Instead, it means that the 
ANS innervates smooth muscle in the blood vessels of skeletal mus- 
ele. To say that the ANS supplies the stomaeh means that it inner- 
vates smooth muscle and glands in the wall of the stomaeh. 

Sympathetie and parasympathetie axons intermingle as they 
extend to effeetor organs. Autonomic nerve plexuses are complex, 
intereonneeted neural networks formed by neurons of the sympathetie 
and parasympathetie divisions. Plexuses typieally are on the outer sur- 
faees of blood vessels, and following the route of blood vessels is a 
major means by which autonomic axons are distributed throughout 
the body to effeetor organs. Sensory axons from the effeetor organs 
pass to the CNS through the autonomic nerve plexuses. 

Sympathetie Division 

Sympathetie axons pass from the sympathetie ehain ganglia to their 
target tissues through spinal, sympathetie, and splanehnie nerves. 
Spinal nerves supply smooth muscle and glands in the skin and skel- 
etal muscles of most of the body (see figure 11.12). 

Sympathetie nerves supply the parts of the head and neek not 
supplied by spinal nerves. Most of the sympathetie nerve supply to 
the head and neek is derived from the superior eervieal sympathetie 
ehain ganglion (figure 14.5). Sympathetie axons join eranial nerves 
and are distributed to effeetor organs. Sympathetie nerves also supply 
thoraeie organs, such as the lungs and heart. 

Splanehnie nerves mainly supply the abdominopelvie organs. The 
preganglionie axons from sympathetie ehain ganglia T5 and below 
synapse with eollateral ganglia in the abdominopelvie eavity. The larg- 
est eollateral ganglia are the eeliae (sé'lé-ak), superior mesenterie 
(mez-en-ter'ik), inferior mesenterie, and hypogastrie ganglia. 

Parasympathetie Division 

Parasympathetie outflow is through eranial and pelvie splanehnie nerves 
(see figure 14.5). Cranial nerve III supplies smooth muscle in the eye, 
and eranial nerves VII and IX supply the salivary and laerimal glands. 
Cranial nerve X supplies thoraeie organs, abdominal organs, and the 
proximal large intestine. The pelvie splanehnie nerves supply organs of 
the pelvie eavity and the distal large intestine. 

14 What is an autonomic nerve plexus? 

15 Deseribe the distribution of the sympathetie division through spinal, 
sympathetie, and splanehnie nerves. 

16 Deseribe the distribution of the parasympathetie division through 
eranial and pelvie splanehnie nerves. 




Starting in the small intestine and ending with the ganglia where their eell 
bodies are loeated, traee the route for sensory axons passing alongside 


sympathetie axons. Name all of the nerves, ganglia, and so on that the sensory 
axon passes through. Also traee the route for sensory neurons passing along- 
side parasympathetie axons. 


14.3 Physiology of the 

Autonomic Nervous 
Sy st e m 

Neiirotransmitters 

Sympathetie and parasympathetie nerve endings seerete one of 
two neurotransmitters. If the neuron seeretes aeetyleholine, it is a 
eholinergie (kol-in-er'jik) neuron; if it seeretes norepinephrine 
(or epinephrine), it is an adrenergie (ad-ré-ner'jik) neuron. 
Adrenergie neurons are so named because at one time it was 
believed that they seereted adrenaline, which is another name for 
epinephrine. All preganglionie neurons of the sympathetie and 
parasympathetie divisions and all postganglionie neurons of the 
parasympathetie division are eholinergie. Almost all postgangli- 
onie neurons of the sympathetie division are adrenergie, but a few 
postganglionie neurons that innervate thermoregulatory sweat 
glands are eholinergie (figure 14.6). 

In reeent years, substances in addition to the regular neurotrans- 
mitters have been extracted from ANS neurons. These substances 
include nitrie oxide; fatty aeids, such as eieosanoids; peptides, such 
as gastrin, somatostatin, eholeeystokinin, vasoaetive intestinal pep- 
tide, enkephalins, and substance P; and monoamines, such as dopa- 
mine, serotonin, and histamine. The speeifie role that many of these 
compounds play in the regulation of the ANS is unclear, but they 
appear to fimetion as either neurotransmitters or neuromodulator 
substances (see ehapter 11). 

Reeeptors 

Reeeptors for aeetyleholine and norepinephrine are loeated in the 
plasma membrane of eertain eells (table 14.3). The eombination of 
neurotransmitter and reeeptor fimetions as a signal to eells, causing 
them to respond. Depending on the type of eell, the response is 
excitatory or inhibitory. 

eholinergie Reeeptors 

Cholinergic reeeptors are reeeptors to which aeetyleholine binds. 
They have two major, structurally different forms. Nieotinie (nik-ò- 
tin'ik) reeeptors bind to nieotine, an alkaloid substance found in 
tobaeeo, and muscarinic (mus-kà-rin'ik) reeeptors bind to musca- 
rine, an alkaloid extracted from some poisonous mushrooms. 
Although nieotine and muscarine are not naturally in the human 
body, they demonstrate the differenees between the two elasses of 
eholinergie reeeptors. Nieotine binds to nieotinie reeeptors but not 
to muscarinic reeeptors, whereas muscarine binds to muscarinic 
reeeptors but not to nieotinie reeeptors. On the other hand, nieotinie 
and muscarinic reeeptors are very similar because aeetyleholine binds 
to and aetivates both types of reeeptors. 

The membranes of all postganglionie neurons in autonomic 
ganglia and the membranes of skeletal muscle eells have nieotinie 
reeeptors. The membranes of effeetor eells that respond to aeetyleho- 
line released from postganglionie neurons have muscarinic reeeptors 

(see figure 14.6). 
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Figlire 14.5 Innervation of Organs by the ANS 

Preganglionie fibers are indieated by solidlines, and postganglionie fibers are indieated by dashedlines. 
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Sympathetie division 


Most target tissues innervated 
by the sympathetie division 
have adrenergie reeeptors. 
When norepinephrine (NE) 
binds to adrenergie reeeptors, 
some target tissues are 
stimulated, and others are 
inhibited. For example, smooth 
muscle eells in blood vessels 
are stimulated to eonstriet, and 
stomaeh glands are inhibited. 


Cell of target tissue 


Loeation of 

nieotinie 

reeeptors 



ACh released 



Preganglionie neuron 


Postganglionie neuron 


Sympathetie division 

Some sympathetie target 
tissues, such as sweat glands, 
have muscarinic reeeptors, 
which respond to aeetyleholine 
(ACh). Stimulation of sweat 
glands results in inereased 
sweat production. 



Preganglionie neuron 


Postganglionie neuron 


target 
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Parasympathetie division 



nieotime 

reeeptors 


Loeation of 
muscarinic 
reeeptors 


ACh released 


ACh released 


All parasympathetie target 
tissues have muscarinic 
reeeptors. The general 
response to ACh is excitatory, 
but some target tissues, such 
as the heart, are inhibited. 


Loeation of 


Cell of target 
tissue 


Preganglionie neuron 


Postganglionie neuron 


Figlire 14.6 Loeation of ANS Reeeptors 

Nieotinie reeeptors are on the eell bodies of both sympathetie and parasympathetie postganglionie eells in the autonomic ganglia. Abbreviations:NE, norepinephrine; 
ACh, aeetyleholine. 




Would structures innervated by the sympathetie division or the parasympa- 
thetie division be affeeted after the consumption of nieotine? After the eon- 
sumption of muscarine? Explain. 


Aeetyleholine binding to nieotinie reeeptors has an excitatory effeet 
because it results in the direet opening of Na + ehannels and the produc- 
tion of aetion potentials. When aeetyleholine binds to muscarinic reeep- 
tors, the eells response is mediated through G proteins (see ehapter 15). 
The response is either excitatory or inhibitory, depending on the target 
tissue in which the reeeptors are found. For example, aeetyleholine 
binds to muscarinic reeeptors in eardiae muscle, thereby reducing heart 
rate, and aeetyleholine binds to muscarinic reeeptors in smooth muscle 
eells of the stomaeh, thus inereasing its rate of eontraetion. 


17 Define eholinergie neurons and adrenergie neurons. Which neurons of 
the ANS are eholinergie and adrenergie? 

18 Name the two major subtypes of eholinergie reeeptors. Where are they 
loeated? When aeetyleholine binds to eaeh subtype, does it result in an 
excitatory or inhibitory eell response? 


Adrenergie Reeeptors 

Adrenergie reeeptors are reeeptors to which norepinephrine or 
epinephrine bind. They are loeated in the plasma membranes of target 
tissues innervated by the sympathetie division (see figure 14.6). The 
response of eells to norepinephrine or epinephrine binding to adren- 
ergie reeeptors is mediated through G proteins (see ehapter 15). 
Depending on the target tissue, the aetivation of G proteins ean 
result in excitatory or inhibitory responses. 
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Table 14.3 


Effeets of the Sympathetie and Parasympathetie Divisions on various Tissues 


Organ 

Sympathetie Effeets and Reeeptor Type Parasympathetie Effeets and Reeeptor Type* 

Adipose tissue 

Fat breakdown and release of fatty aeids (a 2 , Pi) 

None 

Arreetor pili muscle 

Contraction (e^) 

None 

Blood (platelets) 

inereased coagulation (a 2 ) 

None 

Blood vessels 



Arterioles (earry blood to tissues) 



Digestive organs 

Constriction (ad 

None 

Heart 

Constriction (ad, dilation ((3 2 ) + 

None 

Kidneys 

Constriction (a 1# a 2 ), dilation ((3 1( (3 2 ) 

None 

Lungs 

Constriction (ad, dilation ((3 2 ) 

None 

Skeletal muscle 

Constriction (ad, dilation ((3 2 ) 

None 

Skin 

Constriction (a lf a 2 ) 

None 

Veins (earry blood away from tissues) 

Constriction (a 1( a 2 ), dilation ((3 2 ) 


Eye 



Ciliary muscle 

Relaxation forfar vision ((3 2 ) 

Contraction for near vision (m) 

Pupil 

Dilation (ad + 

Constriction (m) + 

Gallbladder 

Relaxation ((3 2 ) 

Contraction (m) 

Glands 



Adrenal 

Release of epinephrine and norepinephrine (n) 

None 

Gastrie 

Deereased gastrie seeretion (a 2 ) 

inereased gastrie seeretion (m) 

Laerimal 

Slight tear production (a) 

inereased tear seeretion (m) 

Panereas 

Deereased insulin seeretion (a 2 ) 

inereased insulin seeretion (m) 


Deereased exocrine seeretion (a) 

inereased exocrine seeretion (m) 

Salivary 

Constriction of blood vessels and slight 

Dilation of blood vessels and 


production of thiek, viscous saliva (ad 

thin, copious saliva (m) 

Sweat 



Apoerine 

Thiek, organie seeretion (m) 

None 

Meroerine 

Watery sweat from most of the skin (m), 

None 


sweat from palms and soles (ad 


Heart 

inereased rate and foree of eontraetion ((3 1( (3 2 ) 

Deereased rate of eontraetion (m) 

Liver 

Glucose released into blood (a 1( (3 2 ) 

None 

Lungs 

Dilated air passageways ((3 2 ) 

Constricted air passageways (m) 

Metabolism 

inereased up to 100% (a, (3) 

None 

Sex organs 

Ejaculation (ad, ereetion 5 

Ereetion (m) 

Skeletal muscles 

Breakdown of glyeogen to glucose ((3 2 ) 

None 

Stomaeh and intestines 



Wall 

Deereased tone (a 1( a 2) (3 2 ) 

inereased motility(m) 

Sphineter 

inereased tone (a^) 

Deereased tone (m) 

LJrinary bladder 



Wall (detrusor) 

None 

Contraction (m) 

Neekof bladder 

Contraction (ad 

Relaxation (m) 

Internal urinary sphineter 

Contraction (ad 

Relaxation (m) 

V- 


— . . ■ ——-.——.. J 


*Receptor subtypes are indieated.The reeeptors are a r and a 2 -adrenergic, (3 r and (3 2 -adrenergic, nieotinie eholinergie (n), and muscarinic eholinergie (m). 

+ Normally, blood flow inereases through eoronary arteries because of inereased demand by eardiae tissue for oxygen (loeal eontrol of blood flow is discussed in ehapter 21). In experiments 
that isolate the eoronary arteries, sympathetie nerve stimulation, aeting through a-adrenergie reeeptors, causes vasoeonstrietion.The (3-adrenergie reeeptors are relatively insensitive to 
sympathetie nerve stimulation but ean be aetivated by epinephrine released from the adrenal gland and by drugs. As a result, eoronary arteries vasodilate. 

+ Contraction of the radial muscles of the iris causes the pupil to dilate. Contraction of the circular muscles causes the pupil to eonstriet (see ehapter 15). 

§ Decreased stimulation of alpha reeeptors by the sympathetie division ean cause vasodilation of penile blood vessels, resulting in an ereetion. 







Relevanee 


infliienee of Drugs on the Autonomic Nervous System 


Some drngs that affeet the ANS have 
important therapeutic value in treating eer- 
tain diseases because they ean inerease or 
deerease aetivities normally eontrolled by 
the ANS. ehemieals that affeet the ANS are 
also found in medieally hazardous sub- 
stanees, such as tobaeeo and inseetieides. 

Direet-aeting and indireet-aeting drugs 
influence the ANS. Direet-aeting drugs bind 
to ANS reeeptors to produce their effeets. For 
example, agonists, or stimiilating agents, 
bind to speeifìe reeeptors and aetivate them, 
and antagonists, or bloeking agents, bind 
to speeifie reeeptors and prevent them from 
being aetivated.The main topie of this discus- 
sion is direet-aeting drugs. It should be noted, 
hovvever, that some indireet-aeting drugs 
produce a stimulatory effeet by causing the 
release of neurotransmitters or by preventing 
the metabolie breakdovvn of neurotransmit- 
ters. Other indireet-aeting drugs produce an 
inhibitory effeet by preventing the biosyn- 
thesis or release of neurotransmitters. 


Drugs that Bind to Nieotinie Reeeptors 

Drugs that bind to nieotinie reeeptors and aeti- 
vate them are nieotinie agents. Although 
these agents have little therapeutic value and 
are mainly of interest to researehers, nieotine is 
medieally important because of its presenee in 
tobaeeo. Nieotinie agents bind to the nieotinie 
reeeptors on all postganglionie neurons vvithin 
autonomic ganglia and produce stimulation. 
Responses to nieotine are variable and depend 
on the amount taken into the body. Because 
nieotine stimulates the postganglionie neu- 
rons of both the sympathetie and parasympa- 
thetie divisions, much of the variability of its 
effeets results from the opposing aetions of 
these divisions. For example, in response to 
the nieotine eontained in a eigarette, the heart 
rate may either inerease or deerease. Heart 
rate rhythm tends to beeome less regular as a 
result of the simultaneous aetions on the sym- 
pathetie division, vvhieh inerease the heart 
rate, and on the parasympathetie division, 
vvhieh deerease the heart rate. Blood pressure 
tends to inerease because of the eonstrietion 
of blood vessels, vvhieh are almost exclusively 
innervated by sympathetie neurons. In addi- 
tion to its influence on the ANS, nieotine also 
affeets the CNS; therefore, not all of its effeets 
ean be explained on the basis of aetion on the 
ANS. Nieotine is extremely toxic, and small 
amounts ean be lethal. 


Drugs that bind to and bloek nieotinie 
reeeptors are ealled ganglionie bloeking 
agents because they bloek the effeet of 
aeetyleholine on both parasympathetie and 
sympathetie postganglionie neurons. The 
effeet of these substances on the sympathetie 
division, hovvever, overshadovvs the effeet 
on the parasympathetie division. For exam- 
ple, trimethaphan eamsylate (trl-meth'à-fan 
kam'sil-àt), used to treat high blood pressure, 
bloeks the sympathetie stimulation of blood 
vessels, causing the blood vessels to dilate, 
vvhieh deereases blood pressure. Ganglionie 
bloeking agents have limited uses because 
they affeet both sympathetie and parasympa- 
thetie ganglia. Whenever possible, more 
seleetive drugs, vvhieh affeet reeeptors of tar- 
get tissues, are novv used. 

Drugs that Bind to Muscarinic 
Reeeptors 

Drugs that bind to and aetivate muscarinic 
reeeptors are muscarinic agents, or parasym- 
pathomimetie (par-à-sim'pà-thó-mi-met'ik) 
agents.These drugs aetivate the muscarinic 
reeeptors of target tissues of the parasympa- 
thetie division and the muscarinic reeeptors 
of svveat glands, vvhieh are innervated by 
the sympathetie division. Muscarine causes 
inereased svveating, inereased seeretion of 
glands in the digestive system, deereased 
heart rate, eonstrietion of the pupils, and 
eontraetion of respiratory, digestive, and uri- 
nary system smooth muscles. Bethaneehol 
(be-than'è-kol) ehloride is a parasympatho- 
mimetie agent used to stimulate the urinary 
bladder follovving surgery because the gen- 
eral anestheties used for surgery ean tempo- 
rarily inhibit a person's ability to urinate. 

Drugs that bind to and bloek the aetion of 
muscarinic reeeptors are muscarinic bloek- 
ing agents, or parasympathetie bloeking 
agents. For example, the aetivation of musca- 
rinie reeeptors causes the eonstrietion of air 
passagevvays. lpratropium (i-prà-tró'pè-um) is 
used to treat ehronie obstmetive pulmonary 
disease because it bloeks muscarinic reeep- 
tors, vvhieh promotesthe relaxation of air pas- 
sagevvays. Atropine (at'ró-pèn) is used to bloek 
parasympathetie reflexes assoeiated vvith the 
surgical manipulation of organs. 

Drugs that Bind to Alpha 
and Beta Reeeptors 

Drugs that aetivate adrenergie reeeptors are 

adrenergie agents, or sympathomimetie 


(sim'pà-thó-mi-met'ik) agents. Drugs such 
phenylephrine (fen-il-ef'rin) stirrmlate 
alpha reeeptors, vvhieh are numerous in the 
smooth muscle eells of eertain blood vessels, 
espeeially in the digestive traet and the skin. 
These drugs inerease blood pressure by caus- 
ing vasoeonstrietion. On the other hand, alb- 
uterol (al-bu'ter-ol) is a drug that seleetively 
aetivates beta reeeptors in bronehiolar smooth 
rrmsele. p-adrenergic-stimulating agents are 
sometimes used to dilate bronehioles in respi- 
ratory disorders such as asthma. 

Drugs that bind to and bloek the aetion of 
alpha reeeptors are ev-adrenergie-bloeking 
agents. For example, prazosin (prà'zó-sin) 
hydroehloride is used to treat hypertension. 
By binding to alpha reeeptors in the smooth 
muscle of blood vessel vvalls, prazosin 
hydroehloride bloeks the normal effeets of 
norepinephrine released from sympathetie 
postganglionie neurons. Thus, the blood 
vessels relax, and blood pressure deereases. 

Propranolol (pró-pran'ó-lól) is 
example of a p-adrenergie-bloeking agent. 
These drugs are sometimes used to treat 
high blood pressure, some types of eardiae 
arrhythmias, and patients reeovering from 
heart attaeks. Bloekage of the beta reeeptors 
vvithin the heart prevents sudden inereases 
in heart rate and thus deereases the proba- 
bility of arrhythmie eontraetions. 


Future Researeh 

Present knovvledge of the ANS is more eom- 
plieated than the broad outline presented 
here. In faet, eaeh of the major reeeptor 
types has subtype reeeptors. For example, 
a-adrenergie reeeptors are divided into the 
follovving subgroups: a 1A -, a 1B -, a 2A -, and 
a 2B -adrenergic reeeptors. The exact number 
of subtypes in humans is not yet knovvn; 
hovvever, their existence suggests the possi- 
bility of designing drugs that affeet only one 
subtype. For example, a drug that affeets the 
blood vessels of the heart but not other 
blood vessels might be developed. Such 
drugs could produce speeifie effeets yet 
would not produce undesirable side effeets 
because they would aet only on speeifìe tar- 
get tissues. 
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Adrenergie reeeptors are subdivided into two major eategories: 
alpha (a) reeeptors and beta (|3) reeeptors. Epinephrine has a 
greater effeet than norepinephrine on most a and (3 reeeptors. The 
main subtypes for alpha reeeptors are a^- and a 2 -adrenergic reeep- 
tors and for beta reeeptors are (3 1 - and (32-adrenergie reeeptors. 


CASE STUDY 


Eye Drops 


Sally is a 50-year-old woman with diabetes. Every year, she has her 
eyes examined by her ophthalmologist because damage to the 
retina ean be assoeiated with diabetes. In addition to eheeking her 
vision using an eye ehart, her doetor examines the insides of her 
eyes using an ophthalmoseope (see figure 13.9a). To see inside 
Sally's eyes better, the doetor applies pupil-dilating eyedrops that 
cause the pupils to enlarge. The diameter of a typieal pupil in nor- 
mal room light is approximately 3-4 mm, whereas a dilated pupil is 
7-8 mm. Because Sally has eomplained in the past about light sen- 
sitivity as a result of the pupil-dilating eyedrops, after the eye exam 
the doetor applies pupil-constricting eyedrops to cause the pupil 
diameter to deerease. 


Prediet 


4 


a. Revievv the anatomy of the iris of the eye in ehapter 13 (see p. 376). 
Do the radial muscles or circular muscles of the iris cause the pupil to 
dilate? 

b. Which division of the ANS eontrols the radial muscles?The circular 
muscles? 

e. Four types of drugs aet on the reeeptors of target tissues of the ANS 
(see eiinieal Relevance"lnfluence of Drugs on the Autonomic 
Nervous System,"p. 417). Which of these drugs could explain the 
dilation of Sally's pupils? [Hint: See table 14.3.) 

d. A side effeet of the pupil-dilating eyedrops is blurred vision—that is, 
an inability to see close-up objeets elearly. Based on this 
observation, vvhieh type of drug is in the pupil-dilating eyedrops? 

e. Which type of drug could be in the pupil-constricting eyedrops that 
reversed the dilation of Sally's pupils? 

f. A side effeet of the pupil-constricting eyedrops is bloodshot eyes. 
Based on this observation, vvhieh type of drug is in the pupil- 
eonstrieting eyedrops? 



Adrenergie reeeptors ean be stimulated in two ways: by the 
nervous system and by epinephrine and norepinephrine released 
from the adrenal gland. Sympathetie postganglionie neurons 
release norepinephrine, which stimulates adrenergie reeeptors 
within synapses (see figure 14.6). For example, blood vessels are 
stimulated to eontraet through the release of norepinephrine at 
synapses. Epinephrine and norepinephrine released from the adre- 
nal glands and earried to effeetor organs by the blood ean bind to 
adrenergie reeeptors loeated in the plasma membrane away from 
synapses. For example, during exercise epinephrine and norepi- 
nephrine bind to (32 reeeptors and cause blood vessel dilation in 
skeletal muscles. 



Dopamine and the Treatment of Shoek 

Norepinephrine is produced from a precursor molecule ealled 
dopamine. Certain sympathetie neurons release dopamine, which 
binds to dopamine reeeptors. Dopamine is structurally similar to 
norepinephrine and it binds to beta reeeptors. Dopamine hydroehlo- 
ride has been used successfully to treat circulatory shoek because it 
ean bind to dopamine reeeptors in kidney blood vessels. The result- 
ing vasodilation inereases blood flow to the kidneys and prevents 
kidney damage. At the same time, dopamine ean bind to beta reeep- 
tors in the heart, causing stronger eontraetions. 


19 Where are adrenergie reeeptors loeated? Namethetwo majortypes 
of adrenergie reeeptors. 

20 In what two ways are adrenergie reeeptors stimulated? 


14.4 Regulation of the 

Autonomic Nervous System 

Much of the regulation of structures by the ANS occurs through 
autonomic reflexes, but input from the cerebrum, the hypothalamus, 
and other areas of the brain allows conscious thoughts and aetions, 
emotions, and other CNS aetivities to influence autonomic func- 
tions. Without the regulatory aetivity of the ANS, an individual has 
limited ability to maintain homeostasis. 

Autonomic reflexes, like other reflexes, involve sensory reeep- 
tors, sensory neurons, interneurons, motor neurons, and effeetor eells 
(figure 14.7) (see ehapter 11). For example, baroreeeptors (streteh 
reeeptors) in the walls of large arteries near the heart deteet ehanges in 
blood pressure, and sensory neurons transmit information from the 
baroreeeptors through the glossopharyngeal and vagus nerves to the 
medulla oblongata. Interneurons in the medulla oblongata integrate 
the information, and aetion potentials are produced in autonomic 
neurons that extend to the heart. If baroreeeptors deteet a ehange in 
blood pressure, autonomic reflexes ehange heart rate, which returns 
blood pressure to normal. A sudden inerease in blood pressure initi- 
ates a parasympathetie reflex, which inhibits eardiae muscle eells and 
reduces heart rate, thus bringing blood pressure down toward its nor- 
mal value. Conversely, a sudden deerease in blood pressure initiates a 
sympathetie reflex, which stimulates the heart to inerease its rate and 
foree of eontraetion, thus inereasing blood pressure. 


Prediet 



Sympathetie neurons stimulate svveat glands in the skin. Prediet how they eontrol 
body temperature during exercise and during exposure to eold temperatures. 


Other autonomic reflexes partieipate in the regulation of blood 
pressure (see ehapter 18). For example, numerous sympathetie neu- 
rons transmit a low but relatively eonstant frequency of aetion poten- 
tials that stimulate blood vessels throughout the body, keeping them 
partially eonstrieted. If the vessels eonstriet further, blood pressure 
inereases; if they dilate, blood pressure deereases. Thus, altering the 
frequency of aetion potentials delivered to blood vessels along sym- 
pathetie neurons ean either raise or lower blood pressure. 
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Figlire 14.7 Autonomic Reflexes 

Sensory input from the earotid baroreeeptors is sent along the glossopharyngeal nerves to the medulla oblongata.The input is integrated in the medulla, and motor 
output is sent to the heart. (a) Parasympathetiereflex. inereased blood pressure results in inereased stimulation of the heart by the vagus nerves, which inereases 
inhibition of the heart and lowers heart rate. ( b ) Sympathetie refìex. Deereased blood pressure results in inereased stimulation of the heart by sympathetie nerves, 
which in turn inereases stimulation of the heart and inereases heart rate and the foree of eontraetion. 




How would sympathetie reflexes that eontrol blood vessels respond to a sud- 
den deerease and a sudden inerease in blood pressure? 


The brainstem and the spinal eord eontain important auto- 
nomie reflex eenters responsible for maintaining homeostasis. The 
hypothalamus, however, is in overall eontrol of the ANS. Almost any 
type of autonomic response ean be evoked by stimulating a part of 


the hypothalamus, which in turn stimulates ANS eenters in the 
brainstem or spinal eord. Although there is overlap, stimulation of 
the posterior hypothalamus produces sympathetie responses, whereas 
stimulation of the anterior hypothalamus produces parasympathetie 
responses. In addition, the hypothalamus monitors and eontrols 
body temperamre (see figure 11.20c). 

The hypothalamus has eonneetions with the eerebmm and is an 
important part of the limbie system, which plays an important role in 
emotions. The hypothalamus integrates thoughts and emotions to 
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produce ANS responses. Pleasant thoughts of a delicious banquet initi- 
ate inereased seeretion by salivary glands and by glands within the 
stomaeh and inereased smooth muscle eontraetions within the digestive 
system. These responses are eontrolled by parasympathetie neurons. 
Emotions such as anger inerease blood pressure by inereasing heart rate 
and eonstrieting blood vessels through sympathetie stimulation. 

The enterie nervous system is involved with autonomic and loeal 
reflexes that regulate the aetivity of the digestive traet. For example, 
in an ANS reflex, sensory neurons deteeting streteh of the digestive 
traet wall send aetion potentials to the CNS. In response, the CNS 
sends aetion potentials out the ANS, causing smooth muscle in the 
digestive traet wall to eontraet. 

The neurons of the enterie nervous system also operate indepen- 
dently of the CNS to produce loeal reflexes. A loeal reflex does not 
involve the CNS, but it does produce an involuntary, unconscious, 
stereotypie response to a stimulus. For example, sensory neurons not 
eonneeted to the CNS deteet streteh of the digestive traet wall. These 
sensory neurons send aetion potentials through the enterie plexuses 
to motor neurons, causing smooth muscle eontraetion or relaxation. 
See ehapter 21 for more information on loeal reflexes. 

Effeets of Spinal Cord lnjury 
on ANS Functions 

Spinal eord injury ean damage nerve traets, resulting in the loss of sen- 
sation and motor eontrol below the level of the injury. Spinal eord injury 
also intermpts the eontrol of autonomic neurons by ANS eenters in the 
brain. For the parasympathetie division, effeetor organs innervated 
through the saeral region of the spinal eord are affeeted, but most effee- 
tor organs still have normal parasympathetie function because they are 
innervated by the vagus nerve. For the sympathetie division, brain eon- 
trol of sympathetie neurons is lost below the site of the injury. The 
higher the level of injury, the greater the number of body parts affeeted. 

Immediately after spinal eord injury, spinal eord reflexes below 
the level of the injury are lost, including ANS reflexes (see "Spinal 
Shoek," ehapter 12). With time, the reflex eenters in the spinal eord 
beeome functional again.This reeovery is particularly important for 
reflexes involving urination and defeeation. Autonomic reflexes 
mediated through the vagus nerves or the enterie nervous system 
are not affeeted by spinal eord injury. 


21 Name the eomponents of an autonomic reflex. Deseribe the 
autonomic reflex that maintains blood pressure by altering heart rate 
or the diameter of blood vessels. 

22 What part of the CNS stimulates ANS reflexes and integrates thoughts 
and emotions to produce ANS responses? 

23 Define loealrefìex. Explain howthe enterie nervous system operates 
to produce loeal reflexes. 

14.5 Functional Generalizations 

about the Autonom e 
Nervous System 

Generalizations ean be made about the fbnetion of the ANS on effee- 
tor organs, but most of the generalizations have exceptions. 


Stimulatory Versus inhibitory Effeets 

Both divisions of the ANS produce stimulatory and inhibitory effeets. 
For example, the parasympathetie division stimulates eontraetion of 
the urinary bladder and inhibits the heart, causing a deerease in heart 
rate. The sympathetie division causes vasoeonstrietion by stimulating 
smooth muscle eontraetion in blood vessel walls and produces dila- 
tion of lung air passageways by inhibiting smooth muscle eontraetion 
in the walls of the passageways. Thus, it is not true that one division 
of the ANS is ahvays stimulatory and the other is always inhibitory. 

Dual Innervation 

Most organs that reeeive autonomic neurons are innervated by both 
the parasympathetie and the sympathetie divisions (see figure 14.5). 
The gastrointestinal traet, heart, urinary bladder, and reproductive 
traet are examples (see table 14.3). Dual innervation of organs by both 
divisions of the ANS is not universal, however. Sweat glands and 
blood vessels, for example, are innervated by sympathetie neurons 
almost exclusively. In addition, most structures reeeiving dual inner- 
vation are not regulated equally by both divisions. For example, para- 
sympathetie innervation of the gastrointestinal traet is more extensive 
and exhibits a greater influence than does sympathetie innervation. 

Opposite Effeets 

When a single structure is innervated by both autonomic divisions, 
the two divisions usually produce opposite effeets on the structure. 
As a consequence, the ANS is eapable of both inereasing and 
deereasing the aetivity of the structure. In the gastrointestinal traet, 
for example, parasympathetie stimulation inereases seeretion from 
glands, whereas sympathetie stimulation deereases seeretion. In a 
few instanees, however, the effeet of the two divisions is not elearly 
opposite. For example, both divisions of the ANS inerease salivary 
seeretion: The parasympathetie division initiates the production of a 
large volume of thin, watery saliva, and the sympathetie division 
causes the seeretion of a small volume of viscous saliva. 

eooperatìve Effeets 

One autonomic division ean eoordinate the aetivities of different 
structures. For example, the parasympathetie division stimulates the 
panereas to release digestive enzymes into the small intestine and 
stimulates eontraetions to mix the digestive enzymes with food 
within the small intestine. These responses enhanee the digestion and 
absorption of the food. 

Both divisions of the ANS ean aet together to eoordinate the 
aetivity of different structures. In the male, the parasympathetie divi- 
sion initiates ereetion of the penis, and the sympathetie division 
stimulates the release of seeretions from male reproductive glands and 
helps initiate ejaculation in the male reproductive traet. 

General Versus Loeal zed Effeets 

The sympathetie division has a more general effeet than the para- 
sympathetie division because aetivation of the sympathetie division 
often causes seeretion of both epinephrine and norepinephrine from 
the adrenal medulla. These hormones circulate in the blood and 
stimulate effeetor organs throughout the body. Because circulating 
epinephrine and norepinephrine ean persist for a few minutes before 
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Biofeedbaek takes advantage of 
eleetronie instruments or other techniques 
to monitor and ehange subconscious aetivi- 
ties, many of vvhieh are regulated by the ANS. 
Skin temperature, heart rate, and brain vvaves 
are monitored eleetronieally. By vvatehing the 
monitor and using biofeedbaek techniques, 
a person ean learn how to reduce heart rate 
and blood pressure consciously and regulate 
blood flow in the limbs. For example, people 
elaim that they ean prevent the onset of 
migraine headaehes or reduce their intensity 
by learning to dilate blood vessels in the skin 
of their forearms and hands. inereased blood 
vessel dilation inereases skin temperature, 
which is eorrelated with a deerease in the 
severity of the migraine. Some people use 
biofeedbaek methods to relax by learning to 

y _ 


Biofeedbaek, Meditation, and the Fight-or-Flight Response 



reduce their heart rate or ehange the pattern 
of their brain waves. The severity of some 
stomaeh ulcers, high blood pressure, anxiety, 
and depression may be reduced by using 
biofeedbaek techniques. 

Meditation is another technique that 
influences autonomic functions. Although 
numerous elaims about the value of medita- 
tion include improving one's spiritual well- 
being, consciousness, and holistie view of the 
universe, it has been established that medita- 
tion does influence autonomic functions. 
Meditation techniques are useful in some 
people in reducing heart rate, blood pres- 
sure, severity of ulcers, and other symptoms 
that are frequently assoeiated with stress. 

The fìght-or-flight response occurs 
when an individual is subjected to stress, 


such as a threatening, frightening, embar- 
rassing, or exciting situation. Whether a per- 
son eonfronts or avoids a stressful situation, 
the nervous system and the endoerine sys- 
tem are involved either consciously or 
unconsciously. The autonomic part of the 
fight-or-flight response results in a general 
inerease in sympathetie aetivity, including 
heart rate, blood pressure, sweating, and 
other responses, that prepare the individual 
for physieal aetivity. The fìght-or-flight 
response is adaptive because it also enables 
the individual to resist or move away from a 
threatening situation. 
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being broken down, they ean also produce an effeet for a longer time 
than the direet stimulation of effeetor organs by postganglionie 
sympathetie axons. 

The sympathetie division diverges more than the parasympa- 
thetie division. Eaeh sympathetie preganglionie neuron synapses with 
many postganglionie neurons, whereas eaeh parasympathetie pregan- 
glionie neuron synapses with about two postganglionie neurons. 
Consequently, stimulation of sympathetie preganglionie neurons ean 
result in greater stimulation of an effeetor organ. 

Sympathetie stimulation often aetivates many different kinds of 
effeetor organs at the same time as a result of CNS stimulation or 
epinephrine and norepinephrine release from the adrenal medulla. It 
is possible, however, for the CNS to seleetively aetivate effeetor 
organs. For example, vasoeonstrietion of cutaneous blood vessels in a 
eold hand is not ahvays assoeiated with an inereased heart rate or 
other responses eontrolled by the sympathetie division. 

Functions during Aetivity 
Versus at Rest 

In eases in which both sympathetie and parasympathetie neurons 
innervate a single organ, the sympathetie division has a major influ- 
enee under eonditions of physieal aetivity or stress, whereas the 
parasympathetie division tends to have a greater influence under rest- 
ing eonditions. The sympathetie division does play a major role dur- 
ing resting eonditions, however, by maintaining blood pressure and 
body temperamre. 

In general, the sympathetie division deereases the aetivity of 
organs not essential for the maintenanee of physieal aetivity and 
shunts blood and nutrients to structures that are aetive during 
physieal exercise. This is sometimes referred to as the fight-or-flight 
response (see Clinical Relevanee “Biofeedbaek, Meditation, and the 


Fight-or-Flight Response”). Typieal responses produced by the sym- 
pathetie division during exercise include: 

1. inereased heart rate and foree of eontraetion inerease blood 
pressure and the movement of blood. 

2. As skeletal or eardiae muscle eontraets, oxygen and nutrients are 
used and waste products are produced. During exercise, a deerease 
in oxygen and nutrients and an accumulation of waste products 
are stimuli that cause the vasodilation of muscle blood vessels (see 
“Control of Blood Flow,” ehapter 18). Vasodilation is benefieial 
because it inereases blood flow, bringing needed oxygen and 
nutrients and removing waste products. Too much vasodilation, 
however, ean cause a deerease in blood pressure that deereases 
blood flow. inereased stimulation of skeletal muscle blood vessels 
by sympathetie nerves during exercise causes vasoeonstrietion, 
which prevents a drop in blood pressure (see ehapter 18). 

3. inereased heart rate and foree of eontraetion potentially inerease 
blood flow through tissues. Vasoeonstrietion of blood vessels in 
tissues not involved in exercise, such as abdominopelvie organs, 
reduces blood flow through them, thus making more blood 
available for the exercising tissues. 

4. Dilation of air passageways inereases air flow into and out of 
the lungs. 

3. The availability of energy sources inereases. Skeletal muscle eells 
and liver eells (hepatoeytes) are stimulated to break down 
glyeogen to glucose. Skeletal muscle eells use the glucose and 
liver eells release it into the blood for use by other tissues. Fat 
eells (adipoeytes) break down triglyeerides and release fatty 
aeids into the blood, which are used as an energy source by 
skeletal and eardiae muscle. 

6. As exercising muscles generate heat, body temperature inereases. 
Vasodilation of blood vessels in the skin brings warm blood elose 
to the surface, where heat is lost to the environment. Sweat gland 
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aetivity inereases, restdting in inereased sweat production, and 
evaporation of the sweat removes additional heat. 

7. The aetivities of organs not essential for exercise deerease. For 
example, the proeess of digesting food slows as digestive glands 
deerease their seeretions and the eontraetions of smooth muscle 
that mix and move food through the gastrointestinal traet 
deerease. 

inereased aetivity of the parasympathetie division is generally 
eonsistent with resting eonditions. The parasympathetie division 
regulates digestion by inereasing the seeretions of glands, promoting 
the mixing of food with digestive enzymes and bile, and moving 
materials through the digestive traet. Defeeation and urination are 
also eontrolled by the parasympathetie division. inereased parasym- 
pathetie stimulation lowers heart rate, which lowers blood pressure, 
and eonstriets air passageways, which deereases air movement 
through them. 


Summary 

14.1 Oontrasting the Somatie Motor and 

Aiitonomie Nervous Systems <p. 4os> 

1. The eell bodies of somatie motor neurons are loeated in the CNS, and 
their axons extend to skeletal muscles, where they have an excitatory 
effeet that usually is eontrolled consciously. 

2. The eell bodies of the preganglionie neurons of the ANS are loeated in 
the CNS and extend to ganglia, where they synapse with postganglionie 
neurons. The postganglionie axons extend to smooth muscle, eardiae 
muscle, or glands and have an excitatory or inhibitory effeet, which 
usually is eontrolled unconsciously. 

14.2 Anatomy of the Autonomic 

Nervous System (p. 409) 

Sympathetie Division 

1. Preganglionie eell bodies are in the lateral horns of the spinal eord gray 
matter from Tl to L2. 

2. Preganglionie axons pass through the ventral roots to the white rami 
communicantes to the sympathetie ehain ganglia. From there, four 
courses are possible: 

■ Preganglionie axons synapse (at the same or a different level) with 
postganglionie neurons, which exit the ganglia through the gray rami 
communicantes and enter spinal nerves. 

■ Preganglionie axons synapse (at the same or a different level) with 
postganglionie neurons, which exit the ganglia through 
sympathetie nerves. 

■ Preganglionie axons pass through the ehain ganglia without 
synapsing to form splanehnie nerves. Preganglionie axons then 
synapse with postganglionie neurons in eollateral ganglia. 

■ Preganglionie axons synapse with the eells of the adrenal medulla. 

Parasympathetie Division 

1. Preganglionie eell bodies are in nuclei in the brainstem or the lateral 
parts of the spinal eord gray matter from S2 to S4. 

■ Preganglionie axons from the brain pass to ganglia through eranial nerves. 

■ Preganglionie axons from the saeral region pass through the pelvie 
splanehnie nerves to the ganglia. 


24 What kinds of effeets, excitatory or inhibitory, are produced by the 
sympathetie and parasympathetie divisions? 

25 Give two exceptions to the generalization that organs are innervated 
by both divisions of the ANS. 

26 When a single organ is innervated by both ANS divisions, do they 
usually produce opposite effeets? 

27 Explain how the ANS eoordinates the aetivities of different organs. 

28 Which ANS division produces the most general effeets? How does 
this happen? 

29 Use the fight-or-flight response to deseribe the responses produced 
by the sympathetie division. 


Predìet 



Bethaneehol (be-than'é-kol) ehloride is a drug that binds to muscarinic 
reeeptors. Explain why this drug ean be used to promote emptying of the urinary 
bladder. Which of the following side effeets would you prediet: abdominal 
eramps, asthmatie attaek, deereased tear production, deereased salivation, 
dilation of the pupils, or sweating? 


2. Preganglionie axons pass to terminal ganglia within the wall of or near 
the organ that is innervated. 

Enterie Nervous System 

1. The enterie nerve plexus is in the wall of the digestive traet, the 
gallbladder and bile ducts, and the panereas. 

2. The enterie plexus eonsists of sensory neurons, ANS motor neurons, 
and enterie neurons. 

Distribution of Autonomic Nerve Fibers 

1. Sympathetie, parasympathetie, and sensory neurons intermingle in 
autonomic nerve plexuses. 

2. Sympathetie axons reaeh organs through spinal, sympathetie, and 
splanehnie nerves. 

3. Parasympathetie axons reaeh organs through eranial and pelvie 
splanehnie nerves. 

4. Sensory neurons run alongside sympathetie and parasympathetie 
neurons within nerves and nerve plexuses. 

14.3 Physiology of the Autonomc 

Nervous System (p. 4i3> 

Neurotransmitters 

1. Aeetyleholine is released by eholinergie neurons (all preganglionie 
neurons, all parasympathetie postganglionie neurons, and some 
sympathetie postganglionie neurons). 

2. Norepinephrine is released by adrenergie neurons (most sympathetie 
postganglionie neurons). 

Reeeptors 

1. Aeetyleholine binds to nieotinie reeeptors (found in all postganglionie 
neurons) and muscarinic reeeptors (found in all parasympathetie and 
some sympathetie effeetor organs). 

2. Norepinephrine and epinephrine bind to alpha and beta reeeptors 
(found in most sympathetie effeetor organs). 

3. Aetivation of nieotinie reeeptors is excitatory, whereas aetivation of 
muscarinic, alpha, and beta reeeptors is either excitatory or inhibitory. 
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14.4 Regiilation of the Autonomic 

Nervous System <p.4is) 

1. Autonomic reflexes eontrol most of the aetivity of viseeral organs, 
glands, and blood vessels. 

2. Autonomic reflex aetivity ean be influenced by the hypothalamus and 
higher brain eenters. 

3. The sympathetie and parasympathetie divisions ean influence the 
aetivities of the enterie nervous system through autonomic reflexes. The 
enterie nervous system ean hmetion independently of the CNS through 
loeal reflexes. 

Review and eomprehension 

14.1 eontrasting the Somatie Motor and 

Autonomic Nervous Systems (p. 4os) 

1. Given these phrases: 

1. neuron eell bodies in the nuclei of eranial nerves 

2. neuron eell bodies in the lateral gray matter of the spinal eord (S2-S4) 

3. two synapses between the CNS and effeetor organs 

4. regulates smooth muscle 

Which of the phrases are true for the autonomic nervous system? 

a. 1,3 b. 2,4 e. 1,2,3 d. 2,3,4 e. 1,2,3,4 

14.2 Anatomy of the Autonomic 

Nervous System <p. 409> 

2. Given these structures: 

1. gray ramus communicans 3. sympathetie ehain ganglion 

2. white ramus communicans 

Choose the arrangement that lists the structures in the order an aetion 
potential passes through them from a spinal nerve to an effeetor organ. 

a. 1,2,3 b. 1,3,2 e. 2,1,3 d. 2,3,1 e. 3,2,1 

3. Given these structures: 

1. eollateral ganglion 3. white ramus communicans 

2. sympathetie ehain ganglion 4. splanehnie nerve 

Choose the arrangement that lists the structures in the order an aetion 
potential travels through them on the way from a spinal nerve to an 
effeetor organ. 

a. 1,3,2,4 b. 1,4,2,3 e. 3,1,4,2 d. 3,2,4,1 e. 4,3,1,2 

4. The white ramus communicans eontains 

a. preganglionie sympathetie fibers. 

b. postganglionie sympathetie fibers. 

e. preganglionie parasympathetie fibers. 

d. postganglionie parasympathetie fibers. 

3. The eell bodies of the postganglionie neurons of the sympathetie 
division are loeated in the 

a. sympathetie ehain ganglia. e. terminal ganglia. e. both a and b. 

b. eollateral ganglia. d. dorsal root ganglia. 

6. Splanehnie nerves 

a. are part of the parasympathetie division. 

b. have preganglionie neurons that synapse in the eollateral ganglia. 

e. exit from the eervieal region of the spinal eord. 

d. travel from the spinal eord to the sympathetie ehain ganglia. 

e. all of the above. 

7. Which of the following statements regarding the adrenal gland is true? 

a. The parasympathetie division stimulates the adrenal gland to release 
aeetyleholine. 

b. The parasympathetie division stimulates the adrenal gland to release 
epinephrine. 


14.5 Functional Generalizations About the 

Autonomic Nervous System <p. 420) 

1. Both divisions of the ANS produce stimulatory and inhibitory effeets. 

2. Most organs are innervated by both divisions. Usually, eaeh division 
produces an opposite effeet on a given organ. 

3. Either division alone or both working together ean eoordinate the 
aetivities of different structures. 

4. The sympathetie division produces more generalized effeets than the 
parasympathetie division. 

3. Sympathetie aetivity generally prepares the body for physieal aetivity, 
whereas parasympathetie aetivity is more important for resting eonditions. 


e. The sympathetie division stimulates the adrenal gland to release 
aeetyleholine. 

d. The sympathetie division stimulates the adrenal gland to release 
epinephrine. 

8. The parasympathetie division 

a. is also ealled the eraniosaeral division. 

b. has preganglionie axons in eranial nerves. 

e. has preganglionie axons in pelvie splanehnie nerves. 

d. has ganglia near or in the wall of effeetor organs. 

e. all of the above. 

9. Which of these is not a part of the enterie nervous system? 

a. ANS motor neurons 

b. neurons loeated only in the digestive traet 
e. sensory neurons 

d. somatie motor neurons 

10. Concerning the distribution of autonomic axons, 

a. autonomic nerve plexuses eontain sympathetie and parasympathetie 
axons. 

b. sympathetie axons reaeh the skin and skeletal muscles of most of 
the body through spinal nerves. 

e. sympathetie axons reaeh thoraeie organs and parts of the head and 
neek through sympathetie nerves. 

d. sympathetie axons reaeh abdominopelvie organs through splanehnie 
nerves. 

e. all of the above. 

11. Which of these eranial nerves does not eontain parasympathetie fibers? 

a. oculomotor (III) e. glossopharyngeal (IX) e. vagus (X) 

b. faeial (VII) d. trigeminal (V) 

14.3 Physiology of the Autonomic 

Nervous System (p. 413 ) 

12. Which of the following statements eoneerning the preganglionie 
neurons of the ANS is true? 

a. All parasympathetie preganglionie neurons seerete aeetyleholine. 

b. Only parasympathetie preganglionie neurons seerete aeetyleholine. 
e. All sympathetie preganglionie neurons seerete norepinephrine. 

d. Only sympathetie preganglionie neurons seerete norepinephrine. 

13. A eholinergie neuron 

a. seeretes aeetyleholine. 

b. has reeeptors for aeetyleholine. 

e. seeretes norepinephrine. 

d. has reeeptors for norepinephrine. 

e. seeretes both aeetyleholine and norepinephrine. 
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14. When aeetyleholine binds to nieotinie reeeptors, 

a. the eells response is mediated by G proteins. 

b. the response ean be excitatory or inhibitory. 
e. Na + ehannels open. 

d. the binding occurs at the effeetor organ. 

e. all of the above. 

15. Nieotinie reeeptors are loeated in 

a. postganglionie neurons of the parasympathetie division. 

b. postganglionie neurons of the sympathetie division. 
e. membranes of skeletal muscle eells. 

d. both a and b. 

e. all of the above. 

16. The aetivation of a and (3 reeeptors 

a. ean produce an excitatory or inhibitory response. 

b. ean be caused by the sympathetie division. 

e. ean be caused by epinephrine released from the adrenal gland. 

d. ean be caused by norepinephrine. 

e. all of the above. 

14.4 Regulation of the Autonomic 

Nervous System < P . 4is> 

17. A sudden inerease in blood pressure 

a. initiates a sympathetie reflex that deereases heart rate. 

b. initiates a loeal reflex that deereases heart rate. 

eritieaí Thinking 

1. In a patient with Raynaud disease, blood vessels in the skin of the hand 
may beeome ehronieally eonstrieted, thereby reducing blood flow and 
producing gangrene. These vessels are supplied by nerves that originate 
at levels T2 and T3 of the spinal eord and eventually exit through the 
first thoraeie and inferior eervieal sympathetie ganglia. Surgical 
treatment for Raynaud disease severs this nerve supply. At which of the 
following loeations would you reeommend that the cut be made: white 
rami of T2-T3, gray rami of T2-T3, or spinal nerves T2-T3? Explain. 

2. When a person is startled or sees a “pleasurable” objeet, the pupils of 
the eyes may dilate. What division of the ANS is involved in this 
reaetion? Deseribe the nerve pathway involved. 

3. Reduced seeretion from salivary and laerimal glands could indieate 
damage to what nerve? 

4. Patients with diabetes mellitus ean develop autonomic neuropathy, which 
is damage to parts of the autonomic nerves. Given the following parts of 
the ANS—vagus nerve, oculomotor nerve, splanehnie nerve, pelvie 
splanehnie nerve, outflow of gray ramus—mateh the part with the 
symptom it would produce if the part were damaged: 

a. impotenee 

b. subnormal sweat production 

e. stomaeh muscles relaxed and delayed emptying of the stomaeh 

d. diminished pupil reaetion (eonstrietion) to light 

e. bladder paralysis with urinary retention 


e. initiates a parasympathetie reflex that deereases heart rate. 

d. both a and b. 

e. both b and e. 

14.5 Fiinetional Generalizations About the 

Autonomic Nervous System <p. 420) 

18. The sympathetie division 

a. is ahvays stimulatory. 

b. is always inhibitory. 

e. is usually under conscious eontrol. 

d. generally opposes the aetions of the parasympathetie division. 

e. both a and e. 

19. Which of these structures is innervated almost exclusively by the 
sympathetie division? 

a. gastrointestinal traet d. reproductive traet 

b. heart e. blood vessels 

e. urinary bladder 

20. Which of these is expected if the sympathetie division is aetivated? 

a. Seeretion of watery saliva inereases. 

b. Tear production inereases. 
e. Air passageways dilate. 

d. Glucose release from the liver deereases. 

e. All of the above are true. 

Answers in Appendix E 


5 • Explain why methaeholine, a drug that aets like aeetyleholine, is effeetive 
for treating taehyeardia (heart rate faster than normal). Which of the 
following side effeets would you prediet: inereased salivation, dilation of 
the pupils, sweating, or difhculty in taking a deep breath? 

6. A patient has been exposed to the organophosphate pestieide 
malathion, which inaetivates aeetyleholinesterase. Which of the 
following symptoms would you prediet: blurring of vision, excess tear 
formation, frequent or involuntary urination, pallor (pale skin), muscle 
twitching, or eramps? Would atropine, a muscarinic bloeking agent, be 
an effeetive drug to treat the symptoms? Explain. 

7. Epinephrine is routinely mixed with loeal anesthetie solutions. Why? 

8. A drug bloeks the effeet of the sympathetie division on the heart. 
Careful investigation reveals that, after administration of the drug, 
normal aetion potentials are produced in the sympathetie 
preganglionie and postganglionie neurons. Also, injeetion of 
norepinephrine produces a normal response in the heart. Explain, in as 
many ways as you ean, the mode of aetion of the unknown drug. 

9. Make a list of the responses eontrolled by the ANS in (a) a person who is 
extremely angry and (b) a person who has just finished eating and is relaxing. 

Answers in Appendix F 
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introdiietion 

T he nervous and endoerine systems are the two major regu- 

latory systems of the body. Together, they regulate and 
eoordinate the aetivities of essentially all other body struc- 
tures. The nervous system functions something like telephone 
messages sent along many telephone wires to their speeifie desti- 
nations. It transmits information in the form of aetion potentials 
along the axons of nerve eells. Chemical messengers in the form 
of neurotransmitters are released at synapses between neurons 
and the eells they eontrol. The endoerine system is more like satel- 
lite radio or television signals broadeast widely so that every radio 
or television set, with its reeeiver adjusted properly, ean reeeive the 
signals. It sends information to the eells it eontrols in the form of 
ehemieal messengers, ealled hormones (hòr'mònz), which are 
released from endoerine glands. Hormones are earried to all parts 
of the body by the circulatory system. Cells that are able to reeog- 
nize the hormones respond to them, whereas other eells do not. 

Homeostasis depends on the preeise regulation of the organs 
and organ systems of the body. Together, the nervous and endo- 
erine systems regulate and eoordinate the aetivity of nearly all 
other body structures. When either the nervous or the endoerine 
system fails to fimetion properly, eonditions ean rapidly deviate 
from homeostasis. Disorders of the endoerine system ean result 
in diseases such as insulin-dependent diabetes and Addison dis- 
ease. Early in the 1900s, people who developed those diseases 
died. No effeetive treatments were available for those and other 
diseases of the endoerine system, such as diabetes insipidus, 
Cushing syndrome, and many reproductive abnormalities. 
Advanees have been made in understanding the endoerine sys- 
tem, so the outlook for people with these and other endoerine 
diseases has improved. 


6. Control of bloodglneose and other nntrients. The endoerine system 
regiilates blood glucose levels and other nutrient levels in the blood. 

7. Control ofreproductive fimetions. The endoerine system eontrols 
the development and fimetions of the reproductive systems in 
males and females. 

8. IJterine eontraetions and milk release. The endoerine system 
regulates uterine eontraetions during delivery and stimulates 
milk release from the breasts in laetating females. 

1 List eight regulatory functions of the endoerine system. 

General eharaeteristies of the 
Endoerine System 

The endoerine system is eomposed of endoerine glands, which are 
ductless glands seereting ehemieal messengers into the circulatory 
system (figure 15.1). In eontrast, exocrine glands have ducts that 
earry their seeretions to surfaces (see ehapter 4). The term endoerine 
(en'dò-krin) is derived from the Greek words endo, meaning within, 
and krinó, to separate. The term implies that eells of endoerine glands 
produce ehemieal messengers within the glands that influence tissues 
separated from the glands by some distanee. 

The ehemieal messengers seereted by endoerine glands are ealled 
hormones, a term derived from the Greek word hormon, meaning to 
set into motion. Thus, hormones stimulate responses from eells. 
Hormones ean be ehemieally eategorized as belonging to the “protein 
group” or the “lipid group.” The protein group includes proteins, 
glyeoproteins, short sequences of amino aeids ealled polypeptides, 
and derivatives of amino aeids. The lipid group includes steroids and 
fatty aeid derivatives. 


15.1 Overvievv of the Endoerine 

Sy ste m 

Fiinetions of the Endoerine System 

The main regulatory fimetions of the endoerine system are the 

1. Metabolism and tissue maturation. The endoerine system 
regulates the rate of metabolism and influences the maturation 
of tissues, such as those of the nervous system. 

2. Ion regulation. The endoerine system helps regulate blood pH, 
as well as Na + , K + , and Ca 2+ eoneentrations in the blood. 

3. Water balanee. The endoerine system regulates water balanee by 
eontrolling the solute eoneentration of the blood. 

4. Immune system regulation. The endoerine system helps eontrol 
the production of immune eells. 

5. Heart rate and bloodpressure regulation. The endoerine system 
helps regulate the heart rate and blood pressure and helps 
prepare the body for physieal aetivity. 
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Lipid- and water-Soluble Hormones 
f in Medieine 

Speeifìe hormones are given as treatments for eertain illnesses. 
Hormones that are soluble in lipids, such as steroids, ean be taken 
orally because they ean diffuse aeross the wall of the stomaeh and 
intestine into the circulatory system. Examples include the synthetie 
estrogen and progesterone-like hormones in birth eontrol pills and 
steroids that reduce the severity of inflammation, such as prednisone 
(pred'ni-són). In eontrast to lipid-soluble hormones, protein hor- 
mones eannot diffuse aeross the wall of the intestine because they are 
not lipid-soluble. Furthermore, protein hormones are not transported 
aeross the wall of the intestine because they are broken down to indi- 
vidual amino aeids by the digestive system. The normal structure of a 
protein hormone is therefore destroyed, and its physiologieal aetivity 
is lost. Consequently, protein hormones must be injeeted ratherthan 
taken orally. The most eommonly administered protein hormone is 
insulin, which is preseribed for the treatment of diabetes mellitus. 

Traditionally, a hormone is defined as a ehemieal messenger, or 
ligand, that (1) is produced in minute amounts by a eolleetion of 
eells; (2) is seereted into the interstitial fluid; (3) enters the circula- 
tory system, where it is transported some distanee; and (4) aets on 
speeifie tissues, ealled target tissues, at another site in the body to 
influence the aetivity of those tissues in a speeifie fashion. All hor- 
mones exhibit most eomponents of this traditional definition, but 
some eomponents do not apply to every hormone. 

Both the endoerine system and the nervous system regulate the 
aetivities of structures in the body, but they do so in different ways 
(table 13.1). Hormones are earried by the blood to target tissues where the 
hormones bind to reeeptors on the plasma membrane or inside the eells. 
Most hormones ean be deseribed as amplitude-modulated signals, 
which eonsist mainly of inereases or deereases in the eoneentration of 
hormones in the body fluids (figure 15 . 2 * 2 ). The responses to hormones 


binding to reeeptors either inerease or deerease as a fiinetion of the 
hormone eoneentration. A small amount of a hormone is a weak stimu- 
lus, producing a small response, whereas a large amount of the hormone 
is a stronger stimulus, producing a stronger response. For example, 
antidiuretic hormone released from the posterior pituitary gland aets on 
the kidney to deerease the volume of urine produced. The amount of 
urine produced is a fimetion of the amount of hormone released. 

It is important to maintain normal hormone levels because 
the response of tissues to hormones is amplitude modulated. 
Hyperseeretion of a hormone results in too large a response, hypo- 
seeretion in too small a response. Endoerine disorders that cause 
hyperseeretion or hyposeeretion of hormones disrnpt homeostasis, 
producing elinieal disorders discussed later in this ehapter. 

The nervous system eonsists of neurons that synapse with other 
neurons, muscle fibers, or gland eells (see table 15.1). The all-or-none 
aetion potentials earried along axons ean be deseribed as frequency- 
modulated signals (figure 15.2£), which vary in frequency but not 
in amplimde. A low frequency of aetion potentials is a weak stimu- 
lus, whereas a high frequency of aetion potentials is a stronger stimu- 
lus. For example, aetion potentials earried by axons to a muscle cause 
the muscle to eontraet. A low frequency of aetion potentials produces 
a weaker eontraetion than does a high frequency (see “Multiple-Wave 
Summation,” ehapter 8). 

The responses of the endoerine system are usually slower and of 
longer duration than those of the nervous system. Hormones ean 
persist for seeonds, minutes, and even many hours. Aetion potentials 
occur in milliseeonds and are rapidly initiated and stopped. Some 
endoerine responses, however, are more rapid than some neural 
responses, and some endoerine responses have a shorter duration 
than some neural responses. In addition, a few hormones aet as both 
amplimde- and frequency-modulated signals, in which the eoneen- 
trations of the hormones and the frequencies at which the inereases 
in hormone eoneentrations occur are important. 

At one time, the endoerine system was believed to be relatively 
independent and different from the nervous system; however, an 


Table 15.1 


A eomparison of the Endoerine and Nervous Systems 


Characteristic 

Endoeríne System 

Nervous System 

Organs 

Endoerine glands and organs, such as 
the testes, ovaries, heart, liver, kidneys, 
stomaeh, small intestine, and plaeenta 

Brain, spinal eord, and nerves 

Cells 

Cells that release hormones 

Neurons and glial eells 

Target eells 

Cells throughout the body that have reeeptors for 
the hormones 

Postsynaptie neurons, muscle fibers, and gland eells 

Cell-to-cell communication 

Hormones transported in fluids, such as blood 
and interstitial fluid 

Aetion potentials propagated along neuron axons 
to synapses 

Aetivation of target eells 

Hormones bind to reeeptors on plasma membranes 
or inside eells 

Neurotransmitters bind to reeeptors on plasma 
membranes; ionie current flow in eleetrieal synapses 

Regulation of target eells 

Usually amplitude-modulated signals 

Frequency-modulated signals 

Speed of response 

Slower (seeonds to hours) 

Faster (usually milliseeonds) 

Length of response 

Longer (seeonds to days, even after hormonal 
stimulation stops) 

Shorter (milliseeonds to seeonds, unless neuron 
stimulation persists) 

Effeets 

VVidespread; hormones earried by the blood ean 
stimulate target eells in many loeations 

Speeifìe; neurons stimulate the eells with which they 
synapse 
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(a) Amplitude-modulated system.The eoneentration 
of the hormone determines the strength of the 
signal and the magnitiide of the response. For most 
hormones, a small eoneentration of a hormone is a 
weak signal and produces a small response, whereas 
a larger eoneentration is a stronger signal and results 
in a greater response. 



E 



85 - 



Time 


(msee. to seeonds) 


(b) Frequency-modulated system.The strength of the 
signal depends on the frequency, not the size, of the 
aetion potentials. All aetion potentials are the same 
size in a given tissue. A low frequency of aetion 
potentials is a weak stimulus, and a higher frequency 
is a stronger stimulus. 

Figlire 15.2 Regulatory Systems 


For example, insulin is a hormone that regulates the eoneentration of 
blood glucose, or blood sugar. When blood glucose levels inerease after 
a meal, insulin is seereted. Insulin aets on several target tissues and 
causes them to take up glucose, causing blood glucose levels to deeline. 
As blood glucose levels begin to fall, however, the rate at which insulin 
is seereted falls also. As insulin levels fall, the rate at which glucose is 
taken up by the tissues deereases, keeping the blood glucose levels from 
deelining too much. This negative-feedbaek meehanism counteracts 
inereases and deereases in blood glucose levels to maintain homeostasis. 

Hormone seeretion is regulated in three ways. The seeretion of 
some hormones is regulated by one of these methods, whereas the 
seeretion of other hormones ean be regulated by two or even all of 
these methods: 

1. Blood levels ofehemieals. The seeretion of some hormones is 
direetly eontrolled by the blood levels of eertain ehemieals. For 
example, insulin seeretion is eontrolled by blood glucose levels. 
When blood glucose levels inerease, insulin seeretion inereases, 
and viee versa. 

2. Nervoiis system. The seeretion of some hormones is eontrolled by 
the nervous system. An example is epinephrine, which is released 
from the adrenal gland as a result of nervous system stimulation. 

3. Hormones. The seeretion of some hormones is eontrolled by other 
hormones. For example, thyroid-stimulating hormone (TSH) 
from the anterior pimitary gland stimulates the seeretion of 
thyroid hormones from the thyroid gland. 

Some hormones are in the circulatory system at relatively eonstant 
levels, some ehange suddenly in response to eertain stimuli, and others 
ehange in relatively eonstant eyeles. For example, thyroid hormones in 
the blood vary within a small range of eoneentrations that remain rela- 
tively eonstant over long periods of time. Epinephrine is released in 
large amounts in response to stress or physieal exercise; thus, its eon- 
eentration ean ehange suddenly. Reproductive hormones inerease and 
deerease in a eyelie fashion in women during their reproductive years. 


5 Deseribe and give examples of the three major patterns by which 
hormone seeretion is regulated. 

6 Deseribe three patterns of hormone seeretion and give an example 
ofeaeh. 


intimate relationship between these systems is now reeognized, and 
the two systems eannot be eompletely separated either anatomieally 
or functionally. Some neurons seerete hormones and some neurons 
direetly innervate endoerine glands and influence their seeretory 
aetivity. Conversely, some hormones seereted by endoerine glands 
affeet the nervous system and markedly influence its aetivity. 


2 Define endoerine system, endoerine gland, and hormone. 

3 Contrast the endoerine system and the nervous system. 

4 Explain why, despite their differenees, the nervous and endoerine 
systems eannot be eompletely separated. 


eontrol of Seeretion Rate 

The seeretion of hormones usually is eontrolled by negative-feedbaek 
meehanisms (see ehapter 1). Negative-feedbaek meehanisms keep the 
body functioning within a narrow range of values eonsistent with life. 


Transport and Excretion 

Hormones in blood plasma are transported either as unbound hor- 
mones or hormones bound to plasma proteins ealled binding proteins. 
The hormone molecules bound to binding proteins aet as a reservoir for 
the hormone. If the amount of unbound hormone begins to deerease, 
some of the bound hormones are released from the binding proteins so 
that the eoneentration of unbound hormones deereases less than it 
otherwise would have. Consequently, hormones that bind to binding 
proteins ean remain in the blood at a relatively eonstant level for longer 
periods of time than unbound hormones. 

The eoneentration of hormones in the blood deereases for two 
major reasons: (1) They leave the blood to reaeh target tissues or 
(2) they are excreted. Hormones are removed from the blood primar- 
ily by excretion by the kidneys into urine and by the liver into bile. 

Different hormones remain in the blood for different lengths 
of time. Water-soluble hormones, such as proteins, glyeoproteins, 
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epinephrine, and norepinephrine, remain for seeonds to minutes. 
Hormones that are rapidly removed from the blood generally regu- 
late aetivities that have a rapid onset and a short duration. Hormones 
that are lipid-soluble, such as the steroid hormones and thyroid hor- 
mones seereted by the thyroid gland, eommonly circulate in the 
blood in eombination with binding proteins. The rate at which hor- 
mones are eliminated from the circulation is greatly reduced when 
the hormones bind to binding proteins. Consequently, hormone 
levels remain relatively eonstant through time, having a prolonged, 
eonsistent regulatory effeet. 

7 What are binding proteins? What effeet do they have on hormone 
levels in the blood? 

8 What are the two major reasons hormone blood eoneentrations 
deerease? 

9 What kinds of hormones are removed from the blood rapidly and 
which kinds persist? 


Prediet 



What effeet would a deerease in the eoneentration of a hormone's binding 
protein have on the eoneentration of the hormone in the blood? 


interaetion of Hormones with 
Their Target Tissues 

Hormones bind to proteins or glyeoproteins ealled reeeptors. The 
portion of eaeh protein or glyeoprotein molecule where a hormone 
binds is ealled a reeeptor site, or binding site. The shape and 
ehemieal eharaeteristies of eaeh reeeptor site allow only a speeifie type 
of ehemieal messenger to bind to it (figure 15.3). The tendeney for 
eaeh type of ehemieal messenger to bind to a speeifie type of reeeptor, 
and not to others, is ealled speeifieity. Insulin therefore binds to 
insulin reeeptors but not to reeeptors for growth hormone. Some 
hormones, however, ean bind to a number of different reeeptors that 
are elosely related. For example, epinephrine ean bind to more than 
one type of epinephrine reeeptor. Hormone reeeptors have a high 
affinity for the hormones that bind to them, so only a small eoneen- 


Hormones 



Reeeptor 
site 


r 





\ 



Reeeptor 
(protein or 


glyeoprotein) 


Hormones 
that do not bind 
to this reeeptor 



Hormone 
bound to its 
reeeptor site 


Figlire 15.3 Reeeptors and speeifieity of Reeeptor Sites 

Hormones bind to reeeptor molecules. The shape and ehemieal eharaeteristies 
of eaeh reeeptor site allow eertain hormones that have a eompatible shape and 
eompatible ehemieal eharaeteristies to bind to it, not others.This relationship is 
ealled speeifieity. 


tration of a given hormone results in a signifieant number of reeep- 
tors with hormones bound to them. 

Hormones are seereted and distributed throughout the body by 
the circulatory system, but the presenee or absenee of speeifie reeep- 
tor molecules in eells determines which eells will or will not respond 
to eaeh hormone. For example, there are reeeptors for thyroid- 
stimulating hormone (TSH) in eells of the thyroid gland, but there 
are no such reeeptors in most other eells of the body. Consequently, 
eells of the thyroid gland produce a response when exposed to TSH, 
but eells without reeeptor molecules do not respond to it. 

In general, the number of fimetional reeeptors affeets the ampli- 
tude of a eells response to a hormone. More reeeptors produce a larger 
response than fewer reeeptors. The number of fimetional reeeptors ean 
be regulated. In down-regulation, the number of fimetional reeeptors 
is reduced by temporary or permanent removal of reeeptors from the 
plasma membrane, inaetivation of reeeptors, or deereased synthesis of 
replaeement reeeptors. In up-regulation, the number of fhnetional 
reeeptors is inereased through inereased reeeptor synthesis or availability. 

Drugs with structures similar to speeifie hormones may eompete 
with those hormones for their reeeptors (see ehapter 3). A drug that 
binds to a hormone reeeptor and aetivates it is ealled an agonist for 
that hormone. A drug that binds to a hormone reeeptor and inhibits 
its aetion is ealled an antagonist for that hormone. For example, 
drugs exist that eompete with epinephrine for its reeeptor. Epinephrine 
agonists aetivate epinephrine reeeptors, whereas epinephrine antago- 
nists inhibit them. 

10 What eharaeteristies of a hormone reeeptor make it speeifk for one 
type of hormone? 

11 Why do only eertain eells respond to a given hormone? 

12 Deseribe down-regulation and up-regulation. 

13 What effeets do drug agonists and antagonists have on hormone 
reeeptors? 


eiasses of Reeeptors 

The two major eategories of hormone reeeptors are membrane- 
bound reeeptors and nuclear reeeptors. Membrane-bound reeep- 
tors are reeeptors that extend aeross the plasma membrane and have 
their reeeptor sites exposed to the outer surface of the plasma mem- 
brane (figure 15.4T). Hormones that bind to membrane-bound reeep- 
tors are large molecules and water-soluble molecules that eannot pass 
through the plasma membrane. Hormones that bind to membrane- 
bound reeeptors include proteins, glyeoproteins, polypeptides, and 
some smaller molecules, such as epinephrine and norepinephrine. 

There are two elasses of membrane-bound reeeptors: ionotropie 
and metabotropie reeeptors. ionotropie (i-on'ó-trop'ik) reeeptors are 
membrane-spanning molecules that eonsist of a reeeptor site and an 
ion ehannel. When a ligand, such as a neurotransmitter or hormone, 
binds to the reeeptor site on the outside of the eell, the ion ehannel 
opens or eloses (see ehapter 10 for a discussion of ionotropie reeeptors). 
The resulting inerease or deerease in ion movement leads to the eell’s 
response. Metabotropie (me-tab'ò-trop'ik) reeeptors are membrane- 
spanning molecules that aetivate G proteins or enzymes inside the eell 
when a ligand binds to its reeeptor site on the outside of the eell. The 
aetivated G protein or enzyme then causes ehanges leading to the 
eell’s response. 
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VVater-soliible 

hormone 



Plasma membrane 


Membrane-bound 

reeeptor 


(a) Large, water-soluble hormones interaet with membrane- 
bound reeeptors that extend aeross the plasma membrane 
and are exposed on the outer surface of the plasma 
membrane. The portion of the reeeptor inside the eell 
produces the response. 



Lipid-soluble 
hormone 


Plasma membrane 


a 


Hormone 



Nuclear 

reeeptor 


(b) Small, lipid-soluble hormones diffuse through the 
plasma membrane and eombine with nuclear 
reeeptors. The eombination of hormones and 
nuclear reeeptors produces a response. 

Figlire 15.4 Membrane-Bound and Nuclear Reeeptors 


Nuclear reeeptors initiate a cellular response by altering the 
aetivity of DNA in the nucleus, resulting in the inereased or 
deereased production of a protein. Hormones that aetivate nuclear 
reeeptors are lipid-soluble and relatively small, enabling them to 
diffuse through the plasma membrane and bind to nuclear reeep- 
tors (figure 15.4b). Thyroid hormones and steroid hormones, such 
as testosterone, estrogen, progesterone, aldosterone, and eortisol, 
are examples. 

Figure 15.5 eompares membrane-bound metabotropie reeep- 
tors and nuclear reeeptors. Use this overview as a referenee while 
reading about the details of these reeeptors. 

14 Define membrane-bound and nuclear reeeptors. VVhat types of 
hormones bind to them? 

15 Distinguish between ionotropie and metabotropie reeeptors. 

16 How does a hormone binding to ionotropie, metabotropie, and 
nuclear reeeptors produce a eell response? 


Hormone 



Membrane-bound Nuclear reeeptors 

reeeptors 



Reeeptors alter the 

Reeeptors alter the 

Y 

aetivity of G proteins. 

aetivity of intracellular 
enzymes. 

Aetivate or suppress 
genes 





Open or elose 
ion ehannels and 
inerease or 
deerease existing 
enzyme aetivity 


Aetivate existing 
enzymes 



inerease or deerease 
the production of 
new proteins or 
enzymes 


Cell responds 


Figlire 15.5 Overview of Responses to Hormones Binding 

to Their Reeeptors 

Membrane-Bound Reeeptors that 
Aetivate G Proteins 

Many membrane-bound reeeptors produce responses through the 
aetion of G proteins. G proteins eonsist of three subunits; from the 
largest to smallest, they are ealled alpha (a), beta ((3), and gamma 
(y). The G proteins are so named because one of the subunits binds 
to a guanine nucleotide. In the inaetive state, a guanine diphos- 
phate (GDP) molecule is bound to the a subunit of eaeh G protein 
(figure 15.6, step 1). 

G proteins ean bind with reeeptors at the inner surface of the 
plasma membrane. After a hormone binds to the reeeptor on the 
outside of a eell, the reeeptor ehanges shape. As a result, a G protein 
eombines with the reeeptor, and GDP is released from the a subunit. 
Guanine triphosphate (GTP), which is more abundant than GDP in 
the eytoplasm, binds to the a subunit, thereby aetivating it (figure 15.6, 
step 2). The G protein separates from the reeeptor and the aetivated 
a subunit separates from the (3 and y subunits (figure 15.6, step 3). 
The aetivated a subunit ean alter the aetivity of molecules within 
the plasma membrane or inside the eell, thus producing cellular 
responses. After a short time, the aetivated a subunit is turned off 
because a P h osphate group is removed from GTP, eonverting it to 
GDP (figure 15.6, step 4). The a subunit then reeombines with the 
p and y subunits (see figure 15.6, step 1). 

Examples of hormones that aetivate G proteins are luteinizing hor- 
mone, follicle-stimulating hormone, thyroid-stimulating hormone, 
adrenoeortieotropie hormone, oxytocin, antidiuretic hormone, ealeito- 
nin, parathyroid hormone, glucagon, norepinephrine, and epinephrine. 

Some aetivated a subunits of G proteins ean eombine with ion 
ehannels, causing them to open or elose (figure 15.7). For example, 
aetivated a subunits ean open Ca 2+ ehannels in smooth muscle eells, 
resulting in the movement of Ca 2+ into those eells. The Ca 2+ func- 
tion as intracellular mediators. Intracellular mediators are ions or 
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GDP 


G protein 


Water-soluble hormone binds 
to its reeeptor. 



GTP 


GTP replaees 

GDP on ol subunit. GDP 


1. The water-soluble hormone is not bound to its 
reeeptor. The G protein eonsists of three subunits 
with GDP attaehed to the a subunit. 


2. After the water-soluble hormone binds to its 
membrane-bound reeeptor, the reeeptor ehanges 
shape and the G protein binds to it. GTP replaees 
GDP on the a subunit of the G protein. 


Water-soluble hormone 
bound to its reeeptor. 



n + / GTP 

G protein ^ 

separates a subunit separates 

from reeeptor. from other subunits. 

3. The G protein separates from the reeeptor and 
the a subunit with GTP bound to it separates 
from the y and (3 subunits. The a subunit 
aetivates cellular responses. 



Water-soluble hormone 
separates from its reeeptor, 


Reeeptor 





Phosphate (Pj) 
is removed from 
GTP on a subunit. 


GDP 



4. When the water-soluble hormone separates from 
the reeeptor, additional G proteins are no longer 
aetivated. inaetivation of the a subunit occurs 
when phosphate (Pj) is removed from the GTP, 
leaving GDP bound to the a subunit.The a 
subunit will eombine with the (3 and y subunits 
(go baek to step 1). 


Proeess Figlire 15.6 Membrane-Bound Reeeptors and G Proteins apr 


Water-soluble hormone 
bound to its reeeptor 


Ca 2+ ehannel 
(open) 






a subunit with GTP 
binds to Ca 2+ ehannel 
and causes it to open. 



Ca 2+ bound 
to calmodulin 


Calmodulin 

(aetive) 


1. The a subunit, with GTP bound to it, eombines with the Ca 2+ ehannel, 
and the eombination causes the Ca 2+ ehannel to open. 

2. The Ca 2+ diffuse into the eell and eombine with calmodulin. The 
eombination of Ca 2+ with calmodulin produces the eell’s response to 
the hormone. 


Proeess Figure 15.7 G Proteins and lon ehannels 


molecules that either enter the eell or are synthesized in the eell 
and regulate enzyme aetivities inside the eell. Some intracellular 
mediators are ealled seeond messengers. The Ca 2+ eombine with 
calmodulin (kal-mod'u-lin) molecules, and the calcium—calmodulin 
complexes aetivate enzymes that cause eontraetion of the smooth 
muscle eells. 

Aetivated a subunits of G proteins ean also alter the aetivity of 
enzymes inside the eell. For example, aetivated a subunits ean alter the 
aetivity of adenylate eyelase (a-den'i-làt sí'klàs), which eonverts ATP 
to eyelie adenosine monophosphate (eAMP) and two inorganie 
phosphate groups (PPi) (figure 15.8). The eAMP is an intracellular 
mediator that binds to protein kinases and aetivates them. Protein 
kinases are enzymes that regulate the aetivity of other enzymes by 
attaehing phosphates to them, a proeess ealled phosphorylation. 
Depending on the enzyme, phosphorylation inereases or deereases the 
aetivity of the enzyme. The amount of time eAMP is present to pro- 
duce a response in a eell is limited. An enzyme in the eytoplasm, ealled 
phosphodiesterase (fos' fò-dl-es ' ter-às), breaks down eAMP to ade- 
nosine monophosphate (AMP). The response of the eell is termi- 
nated after eAMP levels are reduced below a eertain level. 

Cyclic AMP aets as an intracellular mediator in many eell types. 
The response in eaeh eell type is different because the enzymes 





































432 


ehapter 15 


1. The water-soluble hormone is bound to its reeeptor 
and the G protein is aetivated (see figure 15.7). 


2. The aetivated a subunit, with GTP bound to it, 
binds to and aetivates an adenylate eyelase 
enzyme so that it eonverts ATP to eAMP and 
two inorganie phosphates (PPi). 


3. The eAMP aetivates protein kinase enzymes, 
which phosphorylate speeifie enzymes, aetivating 
them. The ehemieal reaetions eatalyzed by the 
aetivated enzymes produce the eell's response. 

4. Phosphodiesterase enzymes inaetivate eAMP 
by eonverting eAMP to AMP. 


Water-soluble hormone bound 




Protein 
kinase 


eAMP + PPi 



Phosphodiesterase 
inaetivates eAMP. 


Response 

Protein kinases phosphorylate 
speeifie enzymes and aetivate them. 


eAMP is an 
intracellular mediator AMP 
that aetivates protein (inaetive) 
kinases. 


O 


Proeess Figlire 15.8 G Proteins and Enzymes 


aetivated by eAMP in eaeh eell type are difFerent. For example, glu- 
eagon eombines with reeeptors on the surface of liver eells, aetivating 
G proteins and causing an inerease in eAMP synthesis, which 
inereases the release of glucose from liver eells. In eontrast, luteiniz- 
ing hormone eombines with reeeptors on the surface of eells of the 
ovary, aetivating G proteins and inereasing eAMP synthesis. The 
major response to the inereased eAMP is ovulation. 

The eombination of hormones with their reeeptors does not always 
restilt in inereased eAMP synthesis. There are eommon intraeelltilar media- 
tors other than Ca 2+ and eAMP, such as eyelie guanine (gwahn'én) 
monophosphate (eGMP), diaeylglyeerol (dl' as-il-glis' er-ol) (DAG), 
and inositol (in-ó'si-tól, in-ò'si-tol) triphosphate (IP 3 ). In some eell 
types, the eombination of hormones with their reeeptors causes the G 
proteins to inhibit the synthesis of intracellular mediators. 

17 Explain how the eombination of a hormone and its reeeptor ean alter 
the G proteins on the inner surface of the plasma membrane. Which 
aetivated subunit of the G protein alters the aetivity of molecules 
inside the plasma membrane or inside the eell? 

18 Deseribe how G proteins ean alter the permeability of the plasma 
membrane and howthey ean alter the synthesis of an intracellular 
mediator molecule, such as eAMP. Give examples. 

19 What limits the aetivity of intracellular mediator molecules, such as 
eAMP? 

Membrane-Bound Reeeptors that Direetly Alter 
the Aetivity of lntracellular Enzymes 

Some hormones bind to membrane-bound reeeptors and aetivate 
already existing intracellular enzymes. The intracellular enzymes ean 
be separate molecules or they ean be part of the membrane-bound 
reeeptor. The aetivated enzyme either inereases or deereases the syn- 
thesis of intracellular mediators, or it results in the phosphorylation 
of intracellular proteins. The intracellular mediators or phosphory- 


lated proteins aetivate proeesses that produce the response of eells to 
the ehemieal messengers. Examples of hormones that aetivate already 
existing enzymes are insulin, growth hormone, prolaetin, and atrial 
natriuretic hormone. 

Cyclic guanine monophosphate (eGMP) is an intracellular 
mediator that is synthesized in response to a hormone binding with 
a membrane-bound reeeptor (figure 15.9). The hormone binds to its 
reeeptor, and the eombination aetivates an enzyme ealled guanylate 
eyelase (gwahn'i-làt si'klàs), loeated at the inner surface of the 
plasma membrane. The guanylate eyelase enzyme eonverts guanine 
triphosphate (GTP) to eGMP and two inorganie phosphate groups 
(PPi). The eGMP molecules then eombine with speeifie enzymes in 
the eytoplasm of the eell and aetivate them. The aetivated enzymes, 
in turn, produce the eell’s response to the hormone. For example, 
atrial natriuretic hormone eombines with its reeeptor in the plasma 
membrane of kidney eells. The result is an inerease in the rate of 
eGMP synthesis at the inner surface of the plasma membranes. 
Cyclic GMP influences the aetion of enzymes in the kidney eells, 
which inereases the rate of Na + and water excretion by the kidney 
(see ehapter 23). The amount of time the eGMP is present to pro- 
duce a response in the eell is limited. Phosphodiesterase breaks 
down eGMP to GMP. Consequently, the length of time a hormone 
inereases eGMP synthesis and has an effeet on a eell is brief after 
the hormone is no longer present. 

Some hormones bind to membrane-bound reeeptors, and the 
portion of the reeeptor on the inner surface of the plasma mem- 
brane aets as a P h osphorylase enzyme that phosphorylates several 
speeifie proteins. Some of the phosphorylated proteins are part of 
the membrane-bound reeeptor, and others are in the eytoplasm of 
the eell (figure 15.10). The phosphorylated proteins influence the 
aetivity of other enzymes in the eytoplasm of the eell. For example, 
insulin binds to its membrane-bound reeeptor, resulting in the 
phosphorylation of parts of the reeeptor on the inner surface of the 
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1. The water-soluble hormone 
is bound to its reeeptor. 

2. At the inner surface of 
the plasma membrane, 
guanylate eyelase is 
aetivated to produce 
eGMP from GTP. 

3. Cyclic GMP is an 
intracellular mediator that 
alters the aetivity of other 
intracellular enzymes to 
produce the response of 
the eell. 


4. Phosphodiesterase is an 
enzyme that eonverts 
eGMP to inaetive GMP. 


Water-soluble hormone 



eGMP + PPi 


O 

Response 

Alters enzyme 
aetivity to produce 
a response 



t 


Phosphodiesterase 
(inaetivates eGMP) 



GMP 


(inaetive) 


Proeess Figure 15.9 Membrane-Bound Reeeptorthat Direetly Aetivates Enzymes ap;r 


plasma membrane and the phosphorylation of eertain other intra- 
cellular proteins. The phosphorylated proteins produce the eells’ 
responses to insulin. 

20 Deseribe how a hormone ean eombine with a membrane-bound 
reeeptor, ehange enzyme aetivity inside the eell, and inerease 
phosphorylation of intracellular proteins. Give examples. 


Prediet 



When smooth muscle eells in the airways of the lungs eontraet, breathing ean 
be very difficult, whereas breathing is easy if the smooth muscle eells are re- 
laxed. During asthma attaeks, the smooth muscle eells in the airways of the 
lungs strongly eontraet. Some of the drugs used to treat asthma inerease eAMP 
in smooth muscle eells. Explain as many ways as possible how these drugs work. 



Water-soluble 

hormone 

Membrane-bound 


reeeptor 



O 

Llnphosphorylated reeeptor 
and proteins 


Water-soluble hormone 




Phosphorylated reeeptor 
and proteins result in the 
eell response. 


1. The membrane-bound reeeptor and other proteins 
have sites that ean be phosphorylated at the inner 
surface of the plasma membrane. When the reeeptor 
is not bound to a hormone, these sites remain 
unphosphorylated. 


2. The water-soluble hormone is bound to its reeeptor on the 
outside of the plasma membrane. The reeeptor aets as an 
enzyme that phosphorylates the sites on the reeeptor and 
assoeiated proteins.These phosphorylated proteins 
produce a response inside the eell. 


Figlire 15.10 Membrane-Bound Reeeptors that Phosphorylate lntracellular Proteins 
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Figure 15.11 signal Amplifieation 

The eombination of a hormone with a membrane-bound reeeptor aetivates several G proteins. The G proteins, in turn, aetivate many inaetive adenylate eyelase 
enzymes, which cause the synthesis of a large number of eAMP molecules.The large number of eAMP molecules, in turn, aetivate many inaetive protein kinase 
enzymes, which produce a rapid and amplifìed response. 


Signal Amplifieation 

Hormones that bind to membrane-bound reeeptors and stimulate the 
synthesis of an intracellular mediator molecule often produce rapid 
responses. This is possible because the mediator infìuences already 
existing enzymes and causes a signal amplifieation, which results 
when a few mediator molecules aetivate several enzymes, and eaeh of 
the aetivated enzymes in turn aetivates several other enzymes that pro- 
duce the final response. Thus, a easeade effeet exists in which a few 
molecules, such as eAMP, eGMP, or phosphorylated proteins, ean 
eontrol the aetivity of many enzymes within a eell (figure 15 . 11 ). 

21 Explain signal amplifieation for the intracellular mediator model of 
hormone aetion. Does the intracellular mediator meehanism produce 
a slow or rapid response? 

Nuclear Reeeptors 

Nuclear reeeptors initiate a cellular response by altering the aetivity 
ofDNA in the nucleus, leading to inereased or deereased production 
of a protein. Lipid-soluble hormones diffuse aeross the plasma mem- 
brane, enter the nucleus, and bind to nuclear reeeptors (figure 15 . 12 ). 
Nuclear reeeptors are most often in the nucleus. Cortisol and aldo- 
sterone nuclear reeeptors, however, are in the eytosol outside the 
nucleus. After hormones bind to these reeeptors in the eytosol, the 
hormone-reeeptor complex is transported into the nucleus. 

Nuclear reeeptors have speeifie “fingerlike” projeetions that 
interaet with speeifie parts of a DNA molecule. The eombination of 
the hormone—reeeptor complex with DNA inereases or deereases the 
synthesis of speeifie messenger ribonucleic aeid (mRNA) molecules. 


inereased mRNA synthesis results in inereased protein synthesis at 
ribosomes. The newly synthesized proteins produce the eell response 
to the hormone. For example, testosterone from the testes and estro- 
gen from the ovaries stimulate the synthesis of proteins that are 
responsible for the seeondary sex eharaeteristies of males and females. 
Deereased mRNA synthesis results in deereased protein production. 
For example, eortisol reduces inflammation by deereasing the pro- 
duction of proteins that promote inflammation. 

Cells that synthesize new proteins in response to hormonal 
stimuli normally have a latent period of several hours between the 
time the hormones bind to their reeeptors and the time responses 
are observed. During this latent period, mRNA and new proteins 
are synthesized. Hormone—reeeptor complexes normally are 
degraded within the eell, limiting the length of time hormones 
influence the eells’ aetivities, and the eells slowly return to their 
previous functional states. 

22 Deseribe how a hormone that erosses the plasma membrane interaets 
with its reeeptor and how it alters the rate of protein synthesis. Why is 
there normally a latent period between the time hormones bind to 
their reeeptors and the time responses are observed? 

23 What finally limits the proeesses aetivated by the nuclear reeeptor 
meehanism? 




Of membrane-bound reeeptors and nuclear reeeptors, which is better adapted 
for mediating a response with a rapid onset and a short duration and which is 
better for mediating a response that lasts a eonsiderable length of time? Explain. 
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1. Lipid—soluble hormones diffuse 
through the plasma membrane. 

2. Lipid-soluble hormones enterthe 
nucleus and bind to nuclear 
reeeptors. Some lipid-soluble 
hormones bind reeeptors in the 
eytoplasm and then move into the 
nucleus (not shown). 

3. The hormone-reeeptor complex 
binds to DNA. 

4. The binding of the hormone-reeeptor 
complex to DNA stimulates the 
synthesis of messenger RNA 
(mRNA), which eodes for speeifie 
proteins. 

5. The mRNA leaves the nucleus, passes 
into the eytoplasm of the eell, and binds 
to ribosomes, where it direets the 
synthesis of speeifie proteins. 

6. The newly synthesized proteins 
produce the eell's response to the 
lipid—soluble hormones—for example, 
the seeretion of a new protein. 


Lipid—soluble 
hormone 


Plasma 

membrane 



Proeess Figure 15.12 Nuciear Reeeptors 


15.2 Pituitary Gland and 

Hypothalamns 

The pituitary (pi-too'i-tàr-ré) gland, or hypophysis (hl-pof i-sis, an 
undergrowth), seeretes nine major hormones that regulate numerous 
body functions and the seeretory aetivity of several other endoerine 
glands. 

The hypothalamus (hl'pò-tharà-mus, under the thalamus) of 
the brain and the pituitary gland are major sites where the nervous 
and endoerine systems interaet (fìgure 15.13^). The hypothalamus 
regulates the seeretory aetivity of the pituitary gland. Hormones, 
sensory information that enters the eentral nervous system, and emo- 
tions, in turn, influence the aetivity of the hypothalamus. 

Structure of the Pituitary Gland 

The pituitary gland is roughly 1 em in diameter, weighs 0.3—1.0 g, and 
rests in the sella rnreiea of the sphenoid bone (see figure 15.13T). It is 
loeated inferior to the hypothalamus and is eonneeted to it by a stalk 
of tissue ealled the infundibulum (in-fun-dib' u-lum). 

The pimitary gland is divided fimetionally into two parts: the 
posterior and anterior pituitary (figure 15.13^). The posterior pitu- 
itary, or neurohypophysis (noor'ò-hl-pof'i-sis, neuro- refers to the 
nervous system) is continuous with the brain. It is formed during 
embryonie development from an outgrowth of the inferior part of 
the brain in the area of the hypothalamus (see ehapter 25). The out- 
growth forms the infundibulum, and the distal end of the infun- 
dibulum enlarges to form the posterior pimitary. 


The anterior pituitary, or adenohypophysis (ad 'é-nò-hl-pof'i- 
sis, adeno- means gland) arises as an outgrowth of the roof of the 
embryonie oral eavity. The outgrowth extends toward the posterior 
pimitary, loses its eonneetion with the oral eavity, and beeomes the 
anterior pimitary. 

Relationship of the Pituitary 
to the Brain 

Portal vessels are blood vessels that begin in a primary eapillary net- 
work, extend some distanee, and end in a seeondary eapillary net- 
work. The hypothalamohypophyseal (hì' pò-thal' à-mò-hì' pò-fiz' é-àl) 
portal system is one of two major portal systems. The other is the 
hepatie portal system (see ehapter 18). The hypothalamohypophyseal 
portal system extends from the hypothalamus to the anterior pimitary 
(figure 15.14). The primary eapillary network in the hypothalamus is 
supplied with blood from arteries that deliver blood to the hypothala- 
mus. From the primary eapillary network, the hypothalamohypophy- 
seal portal vessels earry blood to a seeondary eapillary network in the 
anterior pimitary. Veins from the seeondary eapillary network evenm- 
ally merge with the general circulation. 

Hormones, produced and seereted by neurons of the hypo- 
thalamus, enter the primary eapillary network and are earried to 
the seeondary eapillary network. There the hormones leave the 
blood and aet on eells of the anterior pituitary. They aet either as 
releasing hormones, inereasing the seeretion of anterior pimitary 
hormones, or as inhibiting hormones, deereasing the seeretion of 
anterior pimitary hormones. Eaeh releasing hormone stimulates 
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Figlire 15.13 Hypothalamus and Pituitary Gland .apr. 

(a) A median seetion of the head through the pituitary gland shovving the 
loeation of the hypothalamus of the brain and the pituitary gland. (b) The 
pituitary gland is divided into the anterior pituitary and the posterior pituitary. 
The infundibulum eonneets the hypothalamus to the posterior pituitary. 


and eaeh inhibiting hormone inhibits the production and seeretion 
of a speeifie hormone by the anterior pituitary. In response to the 
releasing hormones, anterior pituitary eells seerete hormones that 
enter the seeondary eapillary network and are earried by the general 
circulation to their target tissues. Thus, the hypothalamohypophy- 
seal portal system provides a means by which the hypothalamus, 


using hormones as ehemieal messengers, regulates the seeretory 
aetivity of the anterior pimitary (see figures 11.20c and 15.14). The 
major hormones of the hypothalamus are listed in table 15.2 and 
discussed later with the hormones they regulate. 

There is no portal system to earry hypothalamie hormones to 
the posterior pimitary. Hormones released from the posterior pitu- 
itary are produced by neurosecretory eells with their eell bodies 
loeated in the hypothalamus. The axons of these eells extend from 
the hypothalamus through the infundibulum into the posterior 
pituitary and form a nerve traet ealled the hypothalamohypophy- 
seal traet (figure 15.15). Hormones produced in the hypothalamus 
pass down these axons in tiny vesieles and are stored in seeretory 
vesieles in the enlarged ends of the axons. Aetion potentials origi- 
nating in the neuron eell bodies in the hypothalamus are propa- 
gated along the axons to the axon terminals in the posterior 
pituitary. The aetion potentials cause the release of hormones from 
the axon terminals, and they enter the circulatory system. 

24 VVhere is the pituitary gland loeated? Contrast the embryonie origin 
of the anterior pituitary and the posterior pituitary. 

25 Define portalsystem. Deseribe the hypothalamohypophyseal portal 
system. Hovv does the hypothalamus regulate the seeretion of the 
anterior pituitary hormones? 

26 Deseribe the hypothalamohypophyseal traet, including the 
production of hormones in the hypothalamus and their release from 
the posterior pituitary. 


Prediet 



Surgical removal of the posterior pituitary in experimental animals results in 
marked symptoms, but these symptoms assoeiated with hormone shortage 
are temporary. Explain these results. 


Hormones of the Pituitary Gland 

Posterior Pituitary Hormones 

The posterior pituitary stores and seeretes two polypeptide hormones 
ealled antidiuretic hormone and oxytocin. A separate population of 
eells seeretes eaeh hormone. 

Antidiuretic (an'té-dl-u-ret'ik) hormone (ADH) is so named 
because it prevents (, anti -) the output of large amounts of urine 
(dinresis). ADH binds to membrane-bound reeeptors and inereases 
water reabsorption by kidney tubules. This results in less water loss 
from the blood into the urine, and urine volume deereases. ADH 
ean also cause blood vessels to eonstriet when released in large 
amounts. Consequently, it is sometimes ealled vasopressin (và-sò- 
pres'in, vaso, blood vessel + pressum, to press down). The role of 
ADH in regulating blood osmolality, blood volume, and blood 
pressure is discussed in ehapters 18 and 23. 

Oxytocin (ok'sí-tò'sin, swift birth) binds to membrane- 
bound reeeptors and causes eontraetion of the smooth muscle eells 
of the uterus and milk ejeetion, or milk a let-down,” from the 
breasts in laetating women. Oxytocin plays an important role in 
the expulsion of the fetus from the uterus during delivery by 
stimulating uterine smooth muscle eontraetion. Commercial 
preparations of oxytocin are given under eertain eonditions to 
assist in ehildbirth and to eonstriet uterine blood vessels following 
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1. Stimuli vvithin the nervous system 
inerease or deerease the seeretion 
of releasing hormones and inhibiting 
hormones (blue eireles) from neurons 
of the hypothalamus. 


2. Releasing hormones and inhibiting 
hormones pass through the 
hypothalamohypophyseal portal 
system to the anterior pituitary. 


3. Releasing hormones and inhibiting 
hormones (blue eireles) leave eapillaries, 
bind to membrane-bound reeeptors, and 
stimulate or inhibit the release of 
hormones (yellow squares) from 
anterior pituitary eells. 


4. Anterior pituitary hormones (yellow squares) 
are earried in the blood to their target 
tissues (green arrow), vvhieh, in some 
eases, are other endoerine glands. 
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Proeess Figure 15.14 Hypothalamie Regulation of the Anterior Pituitary 


ehildbirth. Oxytocin also causes the eontraetion of uterine smooth 
muscle in nonpregnant women during menses, which helps expel 
the uterine epithelium and a small amount of blood. Oxytocin 
also promotes the movement of sperm eells through the uterus and 
uterine tubes. The role of oxytocin in the reproductive system is 
deseribed in greater detail in ehapter 24. 


Oxytocin has been ealled the great faeilitator of life. In addition 
to its role in reproduction and laetation, oxytocin produced in the 
limbie system (see ehapter 11) and other parts of the brain influences 
a variety of soeial and nonsoeial behaviors in females and males. In 
many speeies, oxytocin promotes pair bonding, sexual behavior, and 
parental eare. In humans, oxytocin promotes soeial interaetions, 


Table 15.2 


Hormones of the Hypothalamus 


Hormones 

Structure 

Target Tissue 

Response 

Grovvth hormone-releasing 
hormone (GHRH) 

Peptide 

Anterior pituitary eells that seerete grovvth 
hormone 

inereased grovvth hormone 
seeretion 

Grovvth hormone-inhibiting 
hormone (GHIH), or somatostatin 

Small peptide 

Anterior pituitary eells that seerete grovvth 
hormone 

Deereased grovvth hormone 
seeretion 

Thyrotropin-releasing 
hormone (TRH) 

Small peptide 

Anterior pituitary eells that seerete 
thyroid-stimulating hormone 

inereased thyroid-stimulating 
hormone seeretion 

Corticotropin-releasing 
hormone (CRH) 

Peptide 

Anterior pituitary eells that seerete 
adrenoeortieotropie hormone 

inereased adrenoeortieotropie 
hormone seeretion 

Gonadotropin-releasing 
hormone (GnRH) 

Small peptide 

Anterior pituitary eells that seerete luteinizing 
hormone and follicle-stimulating hormone 

inereased seeretion of luteinizing 
hormone and follicle-stimulating 
hormone 

Prolaetin-inhibiting hormone (PIH) 

Llnknovvn (possibly 
dopamine) 

Anterior pituitary eells that seerete prolaetin 

Deereased prolaetin seeretion 

Prolaetin-releasing hormone (PRH) 

Llnknovvn 

Anterior pituitary eells that seerete prolaetin 

inereased prolaetin seeretion 
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1. Stimiili vvithin the nervous system 
stimulate hypothalamie neurons to 
either inerease or deerease their 
aetion potential frequency. 


2. Aetion potentials are earried by axons 
of the hypothalamie neurons through 
the hypothalamohypophyseal traet to 
the posterior pituitary. The axons of 
neurons store hormones in the 
posterior pituitary. 


3. In the posterior pituitary gland, 
aetion potentials cause the release 
of hormones (red balls) from axon 
terminals into the circulatory system. 


4. The hormones pass through the 
circulatory system and influence the 
aetivity of their target tissues (green 
arrow). 
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Proeess Figiire 15.15 Hypothalamie Regulation of the Posterior Pituitary ap;r 


feelings of attaehment, and maternal behavior. Oxytocin also inhibits 
memory, deereases the stress response, reduces feelings of anxiety, sup- 
presses appetite, and raises the pain threshold. 

27 What effeet does ADH have on urine production? 

28 What is the role of oxytocin in uterine eontraetions, milk ejeetion, and 
soeial and nonsoeial behaviors? 

Anterior Pituitary Hormones 

Releasing and inhibiting hormones that pass from the hypothalamus 
through the hypothalamohypophyseal portal system to the anterior 
pituitary influence anterior pimitary seeretions. The hormones 
seereted are proteins, glyeoproteins, or polypeptides. They are trans- 
ported in the circulatory system and bind to membrane-bound 
reeeptor molecules on their target eells. For the most part, eaeh hor- 
mone is seereted by a separate eell type. 

The major hormones of the anterior pimitary, their target tis- 
sues, and their effeets on target tissues are listed in table 15.3. 
Anterior pimitary hormones include growth hormone, thyroid- 
stimulating hormone, adrenoeortieotropie hormone and related 
substances, luteinizing hormone, follicle-stimulating hormone, and 
prolaetin. In this ehapter, growth hormone is discussed in the next 
seetion, and adrenoeortieotropie hormone is discussed with the adre- 


nal glands. Luteinizing hormone, follicle-stimulating hormone, and 
prolaetin are involved with the reproductive system and are discussed 
in ehapter 24. 

29 What kinds of ehemieals are anterior pituitary hormones? How do 
they aetivate their target tissues? 

30 List the hormones seereted by the anterior pituitary. 

Growth Hormone 

Growth hormone (GH) stimulates the growth of most tissues 
and, through its effeet on the epiphyseal plates of bones, GH plays 
a role in determining how tall a person beeomes (see ehapter 6). 
GH promotes the protein synthesis neeessary for growth by 
inereasing the movement of amino aeids into eells and promoting 
their ineorporation into proteins. It also deereases the breakdown 
of proteins. 

GH plays an important role in regulating blood nutrient levels 
between meals and during periods of fasting. GH inereases lipoly- 
sis, the breakdown of lipids. Fatty aeids released from fat eells into 
the blood circulate to other tissues and are used as an energy source. 
The use of fatty aeids as an energy source “spares” the use of blood 
glucose, helping maintain blood sugar levels. In addition, GH 
inereases glucose synthesis by the liver, which releases glucose into 
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Several pathologieal eonditions are 
assoeiated with GH. Tumors in the hypo- 
thalarrms or anterior pituitary ean cause 
hyperseeretion or hyposeeretion of GH. 
The synthesis of structurally abnormal GH, 
the liver's inability to produce somatome- 
dins, and the laek of functional GH reeep- 
tors in target tissues ean also cause growth 
problems. 

Giantism is a eondition of abnormally 
inereased height that usually results from 
excessive eartilage and bone formation at 
the epiphyseal plates of long bones (figure A). 
The most eommon type of giantism, pitu- 
itary giantism, results from excess seere- 
tion of GH. The large stature of some 
individuals, however, ean result from 
genetie faetors rather than from abnormal 
levels of GH. Aeromegaly (ak-rò-meg'à-lé, 
large extremity) is caused by excess GH 
seeretion in adults, and many pituitary 
giants develop aeromegaly later in life. The 
GH stimulates the growth of eonneetive tis- 
sue, including bones. Bones in adults ean 
inerease in diameter and thiekness, but not 
in length because the epiphyseal plates 
have ossifìed.The effeets of aeromegaly are 
most apparent in the faee and hands. 
Hyperseeretion of GH ean also cause ele- 
vated blood glucose levels and may eventu- 
ally lead to diabetes mellitus. 

v_ 


Grovvth Hormone Disorders 




Dwarfism, the eondition in which a 
person is abnormally short, is the opposite 
of giantism. Pituitary dwarfìsm results 
when abnormally low levels of GH affeet the 
whole body, thus producing a small person 
who is normally proportioned. Aehondro- 
plasia (à-kon-dró-plà'zé-à), or aehondro- 
plastie (à-kon-dró-plas'tik) dwarfìsm, is the 
most eommon type of dwarfìsm; it pro- 
duces a person with a nearly normal-sized 
trunk and head but shorter-than-normal 
limbs. Aehondroplasia is a genetie disorder, 
not a hormonal disorder (see"Achondropla- 
sia,"chapter 6). 

Modern genetie engineering has pro- 
vided a source of human GH for people who 
produce inadequate quantities. Human 
genes for GH have been successfully intro- 
duced into baeteria using genetie engineer- 
ing techniques. The gene in the baeteria 
causes GH synthesis, and the GH ean be 
extracted from the medium in which the 
baeteria are grown. 
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Figure A Effeet of Overproduction 
and Underproduction of Growth 
Hormone on Height 



the blood. Thus, through its effeets on adipose tissue and the liver, 
GH maintains or inereases blood sugar levels. 

GH has indireet effeets on some tissues by stimulating the pro- 
duction of polypeptides ealled somatomedins (sò'mà-tò-mé'dinz), 
primarily by the liver but also by skeletal muscle and other tissues. 
Somatomedins circulate in the blood, stimulating growth in eartilage 
and bone and inereasing the synthesis of protein in skeletal muscles. 
The best known somatomedins are two polypeptide hormones pro- 
duced by the liver ealled insulin-like growth faetor I and II because 
of the similarity of their structure to insulin. 

Two hormones released from the hypothalamus regulate the 
seeretion of GH (figure 15.16). Growth hormone—releasing hor- 
mone (GHRH) stimulates the seeretion of GH, whereas growth 
hormone—inhibiting hormone (GHIH) inhibits the seeretion of GH. 
Stimuli that influence GH seeretion aet on the hypothalamus to 
inerease or deerease the seeretion of the releasing and inhibiting hor- 
mones. Low blood glucose levels and stress stimulate the seeretion of 


GH, and high blood glucose levels inhibit the seeretion of GH. An 
inerease in eertain amino aeids stimulates inereased GH seeretion. 

Most people have a rhythm of growth hormone seeretion, with 
daily peak levels occurring during deep sleep. Growth hormone 
seeretion also inereases during periods of fasting and prolonged exer- 
eise. Blood growth hormone levels do not beeome greatly elevated 
during periods of rapid growth, although ehildren tend to have 
somewhat higher blood levels of growth hormone than do adults. In 
addition to growth hormone, geneties, nutrition, and sex hormones 
influence growth. 

31 What effeets does GH have on protein synthesis, lipid breakdown, 
and blood glucose levels? 

32 What stimulates somatomedin production, where is it produced, and 
what are its effeets? 

33 What effeets do stress and blood glucose levels have on GH 
seeretion? 
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Table 15.3 


Hormones of the Pituitary Gland 


Hormones 

Structure 

Target Tissue 

Response 

Posterior Pituitary 

Antidiuretic hormone (ADH) 

Small peptide 

Kidney 

inereased vvater reabsorption (less vvater is lost in the form of urine) 

Oxytocin 

Small peptide 

Uterus; mammary glands 

inereased uterine eontraetions; inereased milk expulsion from 
mammary glands; unclear function in males 

Anterior Pituitary 

Grovvth hormone (GH), 
or somatotropin 

Protein 

Most tissues 

inereased grovvth in tissues; inereased amino aeid uptake and 
protein synthesis; inereased breakdovvn of lipids and release of 
fatty aeids from eells; inereased glyeogen synthesis and inereased 
blood glucose levels; inereased somatomedin production 

Thyroid-stimulating 
hormone (TSH) 

Glyeoprotein 

Thyroid gland 

inereased thyroid hormone seeretion 

Adrenoeortieotropie 
hormone (ACTH) 

Peptide 

Adrenal cortex 

inereased glucocorticoid hormone seeretion 

Melanocyte-stimulating 
hormone (MSH) 

Peptide 

Melanoeytes in the skin 

inereased melanin production in melanoeytes to make the skin 
darker in eolor 

Luteinizing hormone (LH) 

Glyeoprotein 

Ovaries in females; testes 
in males 

Ovulation and progesterone production in ovaries; testosterone 
synthesis and support for sperm eell production in testes 

Follicle-stimulating 
hormone (FSH) 

Glyeoprotein 

Follieles in ovaries in females; 
seminiferous tubes in males 

Folliele maturation and estrogen seeretion in ovaries; sperm eell 
production in testes 

Prolaetin 

Protein 

Ovaries and mammary glands 
in females 

Milk production in laetating vvomen; inereased response of folliele 
to LH and FSH; unclear function in males 


1. Stress and deereased blood glucose 
levels inerease the release of grovvth 
hormone-releasing hormone (GHRH) and 
deerease the release of grovvth 
hormone-inhibiting hormone (GHIH). 

2. GHRH and GHIH travel through the 
hypothalamohypophyseal portal system to 
the anterior pituitary. 

3. inereased GHRH and reduced GHIH aet 
on the anterior pituitary and result in 
inereased GH seeretion. 

4. GH aets on target tissues. 

5. inereasing GH has a negative- 
feedbaek effeet on the hypothalamus, 
resulting in deereased GHRH and 
deereased GHIH release. 
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Target tissue 

• inereases protein synthesis 

and deereases protein breakdovvn 

• inereases tissue grovvth 

• inereases fat breakdovvn 

• inereases glucose synthesis 
and reduces glucose usage 

• inereases somatomedin seeretion 


Proeess Figure 15.16 eontrol of Growth Hormone (GH) seeretion 
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Mr. Hoops has a son who wants to be a basketball player almost as much as 
Mr. Hoops wants him to be one. Mr. Hoops knows a little bit about growth 
hormone and asks his son's doetor if she would preseribe some for his son, so 
he ean grow taller. What do you think the doetor tells Mr. Hoops? 


15.3 Thyroid Gland 

Tbe thyroid (thl'royd, shield) gland eonsists of two lobes eon- 
neeted by a narrow band ealled the isthmus (is'mus, a eonstrie- 
tion). The lobes are loeated on eaeh side of the traehea, just 
inferior to the larynx (figure 15.17^ and b). The thyroid gland is 
one of the largest endoerine glands, with a weight of approxi- 


mately 20 g. It is highly vascular and appears more red than its 
surrounding tissues. 

The thyroid gland eontains numerous follieles, which are small 
spheres whose walls are eomposed of a single layer of cuboidal epi- 
thelial eells (figure 15.1 7e and d). Eaeh thyroid folliele is filled with 
proteins, ealled thyroglobulin (thì-rò-glob'u-lin), which are synthe- 
sized and seereted by the eells of the thyroid follieles. Large amounts 
of the thyroid hormones are stored in the thyroid follieles as part of 
the thyroglobulin molecules. 

Between the follieles, a delieate network of loose eonneetive tis- 
sue eontains seattered parafollicular (par-à-fo-lik'u-làr) eells, or C 
eells. Calcitonin (kal-si-tò'nin) is seereted from the parafollicular 
eells and plays a role in reducing the eoneentration of Ca 2+ in the 
body fluids when Ca 2+ levels beeome elevated. 
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Figlire 15.17 The Thyroid and Parathyroid Glands af*ir 

(< a ) Anterior view of the thyroid gland. (b) Posterior view of the thyroid gland with the four small parathyroid glands embedded in the posterior surface of the thyroid 
gland. (e)Three-dimensional interpretive drawing of thyroid follieles and parafollicular eells. (d) Light mierograph of thyroid and parathyroid tissue. 
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34 VVhere is the thyroid gland loeated? Deseribe the follieles and the 
parafollicular eells within the thyroid gland. VVhat hormones do they 
produce? 

Thyroid Hormones 

The thyroid hormones are triiodothyronine (trl-l'ò-dò-thl'rò- 
nén) (T3) and tetraiodothyronine (tet'rà-ì'ò-dò-thì'rò-nén) (T4). 
Another name forT4 is thyroxine (thì-rok'sén, thì-rok'sin) (table 15.4). 


T 3 constitutes 10 % of thyroid gland seeretions and T 4 90%. 
Although ealeitonin is seereted by the parafollicular eells of the 
thyroid gland, T 3 and T 4 are eonsidered to be the thyroid hor- 
mones because they are more elinieally important and because 
they are seereted from the thyroid follieles. 

t 3 and t 4 Synthesis 

Thyroid-stimulating hormone (TSH) from the anterior pituitary 
stimulates thyroid hormone synthesis and seeretion. TSH causes an 


Table 15.4 


Major Endoerine Glands and Their Hormones 


Hormones 


Striietiire 


Target Tssue 


Response 


Thyroid Gland 

Thyroid Follides 




Thyroid hormones 

Amino aeid 

Most eells of the 

inereased metabolie rate; essential for normal growth and maturation 

(T3 andT4) 

derivative 

body 


Parafollicular Cells 




Calcitonin 

Polypeptide 

Bone 

Deereased rate of breakdown of bone by osteoelasts; prevention 




of a large inerease in blood Ca 2+ levels 

Parathyroid Gland 

Parathyroid hormone 

Polypeptide 

Bone, kidneys, 

inereased rate of breakdown of bone by osteoelasts; inereased 

(PTH) 


small intestine 

reabsorption of Ca 2+ in kidneys; inereased absorption of Ca 2+ from small 
intestine; inereased vitamin D synthesis; inereased blood Ca 2+ levels 

Adrenal Medulla 




Epinephrine primarily; 

Amino aeid 

Heart, blood vessels, 

inereased eardiae output; inereased blood flow to skeletal muscles and 

norepinephrine 

derivatives 

liver, adiposetissue 

to the heart; vasoeonstrietion of blood vessels, espeeially in the 
viseera and skin; inereased release of glucose and fatty aeids into the 
blood; in general, preparation for physieal aetivity 

Adrenal Cortex 




Mineraloeortieoids 

Steroids 

Kidneys 

inereased Na + reabsorption and K + and H + excretion; enhaneed water reabsorption 

(aldosterone) 




Glucocorticoids 

Steroids 

Mosttissues 

inereased protein and fat breakdown; inereased glucose production; inhibition of 

(eortisol) 



immune response and deereased inflammation 

Androgens 

Steroids 

Many tissues 

Of minor importanee in males; in females, development of some seeondary sex 




eharaeteristies, such as axillary and pubic hair 

Panereas 




lnsulin 

Protein 

Espeeially liver; 

inereased uptake and use of glucose and amino aeids 



skeletal muscle; 
adipose tissue 


Glucagon 

Polypeptide 

Primarily liver 

inereased breakdown of glyeogen; release of glucose into the circulatory system 

Testis 




Testosterone 

Steroid 

Most eells 

Aids in spermatogenesis, development of genitalia, maintenanee of functional 




reproductive organs, seeondary sex eharaeteristies, and sexual behavior 

Ovary 

Estrogens 

Steroids 

Most eells 

Aids in uterine and mammary gland development and function, maturation of 




genitalia, seeondary sex eharaeteristies, sexual behavior, and menstrual eyele 

Progesterone 

Steroid 

Most eells 

Aids in uterine and mammary gland development and function, maturation of 




genitalia, seeondary sex eharaeteristies, and menstmal eyele 

Pineal Gland 




Melatonin 

Amino aeid 

At leastthe 

Inhibition of gonadotropin-releasing hormone seeretion, thereby 


derivative 

hypothalamus 

inhibiting reproduction; signifieanee is not elear in humans; may help regulate 
sleep-wake eyeles 

Thymus 

Thymosin 

Peptide 

lmmune tissues 

Development and function of the immune system 
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inerease in the synthesis of T 3 and T 4 , which are then stored inside 
the thyroid follieles as part of thyroglobulin. TSH also causes T 3 and 
T 4 to be released from thyroglobulin and to enter the circulatory 
system. An adequate amount of iodine in the diet is required for 
thyroid hormone synthesis because iodine is a eomponent of T 3 and 
T 4 . The following events in the thyroid follieles result in T 3 and T 4 
synthesis and seeretion (figure 15.18): 

1. Iodide ions (T) are taken up by thyroid folliele eells by 
seeondary aetive transport (symport). The movement of the T 
is against a eoneentration gradient of approximately 30-fold in 
healthy individuals. TSH promotes the uptake of T. 

2 . Iodide is transported into the folliele lumen and eonverted into 
iodine ( 1 °). 

3. Thyroglobulin molecules, which eontain numerous tyrosine 
amino aeids, are synthesized, paekaged into seeretory vesieles, 
and seereted into the lumen of the folliele. 

4. Iodine atoms are bound to a few of the tyrosine amino aeids 
of thyroglobulin, producing monoiodotyrosine, which has 
one iodine atom, or diiodotyrosine, which has two iodine 
atoms. After the tyrosines are iodinated, two diiodotyrosine 
eombine to form tetraiodothyronine (T 4 ), which has four 
iodine atoms. Also, one monoiodotyrosine and one 


diiodotyrosine eombine to form triiodothyronine (T 3 ), 
which has three iodine atoms. A 2—4 months reserve supply 
of T 3 and T 4 is stored within the thyroid follieles as part of 
thyroglobulin. 

5. Thyroglobulin is taken into the thyroid folliele eells by endoeytosis. 

6 . Lysosomes fuse with the endoeytie vesieles, and proteolytie 
enzymes break down thyroglobulin to release T 4 , and 
amino aeids. 

7. T 3 and T 4 are lipid soluble and diffuse through the plasma 
membranes of the folliele eells into the interstitial fluid and 
finally into the blood. The remaining amino aeids of 
thyroglobulin are used again to synthesize more thyroglobulin. 

Transport in the Blood 

Thyroid hormones are transported in eombination with plasma pro- 
teins in the circulatory system. Approximately 70%—75% of the 
circulating thyroid hormones are bound to thyroxine-binding 
globulin (TBG), which is synthesized by the liver, and 20%—30% 
are bound to other plasma proteins, including albumin. Thyroid 
hormones, bound to these plasma proteins, form a large reservoir of 
circulating thyroid hormones. Thyroid hormones are eonverted to 
other compounds and excreted in the urine. 


Blood 



1. lodide (l“) from the blood moves by 
seeondary aetive transport (symport) into 
the folliele eell. 


2. lodide is transported into the folliele 
lumen and eonverted into iodine (1°). 


3. Thyroglobulin is synthesized, paekaged 
into seeretory vesieles, and seereted into 
the folliele lumen. 


4. lodines join to tyrosines within the 
thyroglobulin molecule, after which the 


tyrosines join to form T 3 and T 


4' 


5. Thyroglobulin moves by endoeytosis into 
the folliele eell. 


VVall of thyroid folliele 


Folliele 


I (iodide) 
from blood 


6. Lysosomes fuse with the endoeytie 
vesieles and break down thyroglobulin, 
releasing T 3 , T 4 , and amino aeids. 

7. T 3 and T 4 are seereted into the blood 
and amino aeids are used to synthesize 
thyroglobulin. 


T 3 and T 4 
to blood 


Lumen of 
thyroid folliele 



Thyroglobulin 
(T 3 and T 4 are 
formed within 
thyroglobulin) 


Proeess Figure 15.18 Synthesis of Thyroid Hormones 

The numbered steps deseribe the synthesis and seeretion of T 3 and T 4 from the thyroid gland. 
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Effeets of Thyroid Hormones 

Thyroid hormones interaet with their target tissues in a fashion 
similar to that of the steroid hormones. They readily diffuse through 
plasma membranes into the eytoplasm of eells. Within eells, they 
bind to reeeptor molecules in the nuclei. Thyroid hormones eom- 
bined with their reeeptor molecules interaet with DNA in the nuclei 
to influence genes and initiate new protein synthesis. The newly 
synthesized proteins within the target eells mediate the eells’ 
response to thyroid hormones. It takes up to a week after the admin- 
istration of thyroid hormones for a maximal response to develop, 
and new protein synthesis occupies much of that time. 

Thyroid hormones affeet nearly every tissue in the body, but not 
all tissues respond identieally. Metabolism is primarily affeeted in 
some tissues, and growth and maturation are influenced in others. 
The normal rate of metabolism for an individual depends on an 
adequate supply of thyroid hormone, which inereases the rate at 
which glucose, fat, and protein are metabolized. The inereased rate of 
metabolism produces heat. Thyroid hormones inerease the aetivity of 
N + —K + pumps, which helps inerease the body temperature as ATP 
molecules are broken down. Thyroid hormones also alter the number 
and aetivity of mitoehondria, resulting in greater ATP synthesis and 
heat production. The metabolie rate ean inerease 60%—100% when 
blood thyroid hormones are elevated. Low levels of thyroid hor- 
mones lead to the opposite effeet. Maintaining normal body tem- 
perature depends on an adequate amount of thyroid hormones. 


Normal growth and maturation of organs also depend on thy- 
roid hormones. For example, bone, hair, teeth, eonneetive tissue, and 
nervous tissue require thyroid hormones for normal growth and 
development. Both normal growth and normal mamration of the 
brain require thyroid hormones. 

Regulation of Thyroid Hormone Seeretion 

Thyroid hormone seeretion is regulated by hormones produced in 
the hypothalamus and anterior pimitary (figure 15.19). Thyrotropin- 
releasing hormone (TRH) is produced in the hypothalamus. 
Chronic exposure to eold inereases TRH seeretion, whereas stress, 
such as starvation, injury, and infeetions, deereases TRH seeretion. 
TRH stimulates TSH seeretion from the anterior pimitary. Small 
fluctuations in blood levels of TSH occur on a daily basis, with a 
small nocturnal inerease. TSH stimulates the seeretion of thyroid 
hormones from the thyroid gland. TSH also inereases the synthesis 
of thyroid hormones, as well as causing an inerease in thyroid gland 
eell size and number. Deereased blood levels of TSH lead to 
deereased seeretion of thyroid hormones and thyroid gland atrophy. 
Thyroid hormones have a negative-feedbaek effeet on the hypo- 
thalamus and anterior pimitary gland. As thyroid hormone levels 
inerease in the circulatory system, they inhibit TRH and TSH seere- 
tion. Also, if the thyroid gland is removed or if the seeretion of 
thyroid hormones deelines, TSH levels in the blood inerease 
dramatieally. 


1. TRH is released from neurons within the 
hypothalamus. It passes through the 
hypothalamohypophyseal portal system 
to the anterior pituitary. 

2. TRH causes eells of the anterior pituitary 
to seerete TSH, which passes through 
the general circulation to the thyroid 
gland. 

3. TSH causes inereased synthesis and 
release of T 3 and T 4 into the general 
circulation. 

4. T 3 and T 4 aet on target tissues to 
produce a response. 

5. T 3 and T 4 also have an inhibitory effeet 
on the seeretion of TRH from the 
hypothalamus and TSH from the anterior 
pituitary. 



Stimulatory 



Inhibitory 


Cold temperature 

I 


TRH 



Target tissues 

• inerease metabolism 

• inerease body temperature 

• inerease normal growth and 
development 


Hypothalamus 


Hypothalamohypophyseal 
portal system 

Anterior 

pituitary 


Proeess Figure 15.19 Regulation of Thyroid Hormone (T 3 and t 4 ) seeretion ap;r 
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Relevanee 


Hypothyroidism and Hyperthyroidism 


Hypothyroidism is reduced or no 
seeretion of thyroid hormones. It ean be 
caused by inadequate TSH stimulation of 
the thyroid gland, an inability of the thyroid 
gland to produce thyroid hormones, or the 
surgical removal or destruction of the thy- 
roid gland for various reasons. Damage to 
the pituitary gland ean result in deereased 
TSH seeretion. Tumors and inadequate 
blood delivery to the pituitary because of 
blood loss during ehildbirth are causes of 
pituitary insuffìciency. Laek of iodine in the 
diet ean result in deereased thyroid hor- 
mone levels because iodine is neeessary for 
the synthesis of thyroid hormones. Damage 
to the thyroid gland by drugs, ehemieals, or 
an autoimmune disease (Hashimoto dis- 
ease) ean also reduce thyroid hormone 
production. 

Hyposeeretion of thyroid hormones 
deereases the rate of metabolism. Low 
body temperature, weight gain, reduced 
appetite, reduced heart rate, reduced 
blood pressure, deereased muscle tone, 
eonstipation, drowsiness, and apathy are 
majorsymptoms. Myxedema (mik-se-dè'mà), 
a swelling of the faee and body as a result 
of mucoprotein deposits, ean occur. 
hyposeeretion of thyroid hormones occurs 
during development, there is a deereased 
metabolie rate, abnormal nervous system 
development, abnormal growth, and abnor- 
mal maturation of tissues.The consequence 
is a mentally retarded person of short 
stature and distinetive form ealled a eretin 
(krè'tin). 


Hyperthyroidism is 


abnormally 


inereased seeretion of thyroid hormones. 
After diabetes mellitus, the most eommon 
endoerine disorder is a type of hyperthy- 
roidism ealled Graves disease. It is an auto- 
immune disorder that produces a speeifie 
immunoglobulin, ealled thyroid-stimulating 


immunoglobulin (TSI).The structure ofTSI 
is similar to the structure of TSH and it ean 
bind toTSH reeeptors, resulting in continual 
stimulation of the thyroid gland and over- 
production of thyroid hormones. TSH- 
seereting tumors and viral infeetions are 
other causes of hyperthyroidism. Thyroid 

large 


storm 


sudden release 


amounts of thyroid hormones. It ean be 
caused by surgery, stress, infeetions, or 
unknown causes. 

Many of the symptoms of hyperseere- 
tion of thyroid hormones are the opposite of 
what occurs with hyposeeretion ofthyroid 
hormones. Hyperseeretion of thyroid hor- 
mones inereases the rate of metabolism. 
High body temperature, weight loss, 
inereased appetite, rapid heart rate, ele- 
vated blood pressure, muscle tremors, 
diarrhea, insomnia, and hyperaetivity are 
major symptoms. Exophthalmos (ek-sof- 
thal'mos) is a bulging of the eyes that often 
aeeompanies hyperthyroidism and is caused 
by the deposition of excess eonneetive tissue 
proteins behind the eyes (fìgure B a). The 
excess tissue makes the eyes move anteriorly; 
consequently, they appear to be larger than 
normal. 


Goiter (goy'ter, throat) 


ehronie 


enlargement of the thyroid gland not due to 
a tumor (fìgure Bb). Goiter eventually devel- 
ops with ehronie hyperseeretion of thyroid 
hormones. TSI in Graves disease or elevated 
TSH produced by pituitary tumors results in 
continual overstimulation of the thyroid 
gland. Thyroid hormone synthesis inereases 
and thyroid gland eells inerease in size and 
number, producing goiter. 

Hypothyroidism caused by an iodine 
defieieney in the diet ean also cause goiter. 
Without adequate iodine to synthesize thy- 
roid hormones, blood levels of thyroid hor- 
mones deerease. The reduced negative 


M 


M 


(a) Exophthalmos 


(b) Goiter 


Figure B Person with 

Hyperthyroidism 


feedbaek of thyroid hormones on the ante- 
rior pituitary and hypothalamus results in 
elevated TSH seeretion.TSH causes inereased 
thyroid gland eell size and number and 
inereased thyroglobulin synthesis, even 
though there is not enough iodine to synthe- 
size thyroid hormones. Historieally, goiters 
were eommon in people from areas where 
the soil was depleted of iodine. Conse- 
quently, plants grown in these areas, ealled 
goiter belts, had little iodine in them and 
caused iodine-defìeient diets. lodized salt has 
nearly eliminated iodine-defìeieney goiters. 
However, it remains a problem in some devel- 
oping countries. 
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ANATOMY & PHYSIOLOGY 


35 Starting with the uptake of iodide by the follieles, deseribe the 
production and seeretion of thyroid hormones. 

36 How are the thyroid hormones transported in the blood? 

37 By what meehanism do thyroid hormones alter the aetivities of their 
targettissues? 


38 What are the target tissues of thyroid hormones? What effeets are 
produced bythyroid hormones? 

39 Starting in the hypothalamus, explain how ehronie exposure to eold 
and stress ean affeet thyroid hormone production. 

40 Deseribe the causes and effeets of hyposeeretion and hyperseeretion 
of thyroid hormones. 
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CASE STIIDY 


Negative Feedbaek and 
Hyperthyroidism 


Josie owns a business, has several employees, and works hard to man- 
age her business and make time for her family. Over several months, 
she slowly reeognized that she felt warm when others did not; she 
sweated excessively and her skin was often flushed. She often felt as if 
her heart were pounding, she was much more nervous than usual, 
and it was difficult for her to eoneentrate. She began to feel weak and 
lose weight, even though her appetite was greater than normal. Her 
family reeognized some of these ehanges and that her eyes seemed 
larger than usual.They encouraged her to see her physieian. Based on 
the symptoms, her physieian suspected that Josie was suffering from 
hyperthyroidism. A blood sample was taken and the results indieated 
that her blood levels of thyroid hormones were elevated and her 
blood levels of TRH and TSH were very low. In addition, a speeifie 
immunoglobulin, ealled thyroid-stimulating immunoglobulin (TSI), 
was present in signifieant eoneentrations in her blood.The structure of 
TSI is very similar to the structure ofTSH.The physieian concluded that 
Josie was suffering from Graves disease. 

Josie wastreated with radioaetive iodine ( 131 l) atoms, which were 
aetively transported into Josie's thyroid eells, where they destroyed a 
substantial portion of the thyroid gland. Subsequently, Josie had to 
take thyroid hormones in the form of a pill to keep her blood levels of 
thyroid hormones within their normal range of values. 


Prediet 


6 


a. Prior to treatment, explain why Josie's blood levels of thyroid 
hormones were elevated. 

b. Prior to treatment, why were her TRH and TSH levels lower than 
normal? 

e. Afterthe 131 1 treatment, why are herthyroid hormone levels lower 
than normal? 

d. Afterthe 131 1 treatment, prediet what will happen to Josie'sTRH and 
TSH levels. 

e. Why will Josie have to take thyroid hormone pills for the rest of her 
life? What effeet will that have on her TRH and TSH levels? 


J 


ealeitonin 

In addition to seereting thyroid hormones, the thyroid gland seeretes 
a hormone ealled ealeitonin (kal-si-tò'nin) produced by the parafol- 
licular eells (see figure 15.17c). Calcitonin seeretion is direetly regu- 
latedbybloodCa 2+ levels (figure 15.20). As bloodCa 2+ eoneentration 
inereases, ealeitonin seeretion inereases, and, as blood Ca 2+ eoneen- 
tration deereases, ealeitonin seeretion deereases. Calcitonin binds to 
membrane-bound reeeptors of osteoelasts and inhibits them, which 
reduces the rate of bone matrix breakdown and the release of Ca 2+ 
from bone into the blood. Calcitonin may prevent blood Ca 2+ levels 
from beeoming overly elevated following a meal that eontains a high 
eoneentration of Ca 2+ . 

The role of ealeitonin in humans is unclear. It may be important 
in slowing bone turnover during periods of rapid growth. Calcitonin 
helps prevent elevated blood Ca 2+ levels, but a laek of ealeitonin 
seeretion does not result in a prolonged inerease in blood Ca 2+ levels. 
Other meehanisms eontrolling blood Ca 2+ levels, such as parathy- 


roid hormone and vitamin D, are able to eompensate for the laek of 
ealeitonin seeretion. 

41 How is ealeitonin seeretion regulated? 

42 What effeet does ealeitonin have on osteoelasts and blood calcium 
levels? 

15.4 Parathyroid Glands 

The parathyroid (par-à-thl'royd) glands are usually embedded in the 
posterior part of eaeh lobe of the thyroid gland (see figure 15.17^). 
Usually, four parathyroid glands are present, with their eells organized 
in densely paeked masses or eords rather than in follieles. 

The parathyroid glands seerete a polypeptide hormone ealled para- 
thyroid hormone (PTH), which is essential for the regulation of blood 
Ca 2+ levels (see table 15.4). PTH is much more important than ealei- 
tonin in regulating blood Ca 2+ levels. PTH regulates blood Ca 2+ levels 
by affeeting Ca 2+ release from bones, Ca 2+ excretion by the kidneys, 
and vitamin D formation by the kidneys, which promotes Ca 2+ 
absorption by the small intestine (see figure 6.15, p. 143). 

PTH inereases the release of Ca 2+ from bones into blood by 
inereasing the number of osteoelasts in bone, which results in inereased 
bone breakdown. PTH promotes an inerease in osteoelast numbers by 
stimulating stem eells in red bone marrow to differentiate and beeome 
osteoelasts. The effeet of PTH on osteoelast formation, however, is 
indireet. PTH binds to its reeeptors on osteoblasts, stimulating them. 
The osteoblasts, through surface molecules and released ehemieals, 
stimulate osteoelast stem eells to beeome osteoelasts. 

In the kidneys, PTH inereases Ca 2+ reabsorption from the urine 
into the blood so that less calcium leaves the body in urine. PTH also 
inereases the formation of aetive vitamin D in the kidneys. The vitamin 
D is earried by the blood to epithelial eells of the small intestine, where 
it promotes the synthesis of Ca 2+ transport proteins. PTH inereases 
blood Ca 2+ levels by inereasing the rate of aetive vitamin D formation, 
which in turn inereases the rate of Ca 2+ absorption in the intestine. 

PTH seeretion is direetly regulated by blood Ca 2+ levels. As 
blood Ca 2+ eoneentration inereases, PTH seeretion deereases; as 
blood Ca 2+ eoneentration deereases, PTH seeretion inereases (see 
figure 15.20). This regulation keeps blood Ca 2+ levels fluctuating 
within a normal range of values. 

43 Where are the parathyroid glands loeated, and what hormone do 
they produce? 

44 Name three ways by which PTH regulates blood Ca2 + levels. What 
stimulus ean cause an inerease in PTH seeretion? 


Prediet 



Prediet the effeet of an inadequate dietary intake of calcium on PTH seeretion 
and on target tissues for PTH. 


15.5 Adrenal Glands 

The adrenal (à-dré'nàl, ad, near + ren, kidney) glands, or suprarenal 
(above the kidney) glands, are two small glands that are loeated supe- 
rior to eaeh kidney (figure 15.21). Eaeh adrenal gland has an inner part, 
ealled the adrenal medulla (marrow or middle), and an outer part, 
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PTH meehanism: 

The parathyroid glands deteet the inereased 
Ca 2+ and deerease PTH seeretion. 


Calcitonin meehanism: 

Parafollicular eells deteet the inereased 
Ca 2+ and inerease ealeitonin seeretion. 


Effeets of deereased PTH: 

• Deereased breakdown of bone. 

• Deereased Ca 2+ reabsorption from urine. 

• Deereased synthesis of aetive vitamin D by 
the kidneys, which deereases Ca 2+ absorption 
from the small intestine. 


Effeet of inereased ealeitonin 

Deereased breakdown of bone. 



Blood Ca 2+ levels inerease: 

Homeostasis Disturbed 


Blood Ca 2+ levels deerease: 

Homeostasis Restored 
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Blood Ca 2+ levels deerease: 

Homeostasis Disturbed 
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PTH meehanism: 

The parathyroid glands deteet the deereased 
Ca 2+ and inerease PTH seeretion. 


Calcitonin meehanism: 

Parafollicular eells deteet the deereased 
Ca 2+ and deerease ealeitonin seeretion. 
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Effeets of inereased PTH: 

• inereased breakdown of bone. 

• inereased Ca 2+ reabsorption from urine. 

• inereased synthesis of aetive vitamin D by the 
kidneys, which inereases Ca 2+ absorption 
from the small intestine. 


Effeet of deereased ealeitonin 

inereased breakdown of bone. 



Homeostasis Figlire 15.20 Smnmary of Blood Ca 2+ eoneentration Regulation by Parathyroid Hormone (PTH) and 

ealeitonin 


ealled the adrenal cortex (bark or outer). The cortex has three indistinet 
layers: the zona glomemlosa (glò-màr'u-lòs-à), the zona fasciculata 
(fa-sik'u-là-tà), and the zona reticularis (re-tik'u-làr'is). The medulla 
and the three layers of the cortex are structurally and hinetionally spe- 
eialized. In many ways, an adrenal gland is four glands in one. 

Hormones of the Adrenal Medulla 

Approximately 80% of the hormone released from the adrenal medulla 
is epinephrine (ep'i-nef'rin, epi , upon + nephros , kidney), or adrena- 
line (à-dren'à-lin, from the adrenal gland). The remaining 20% is 


norepinephrine (nòr'ep-i-nef'rin) (see table 15.4). The adrenal 
medulla eonsists of eells derived from the same eells that give rise to 
postganglionie sympathetie neurons, which seerete norepinephrine. 
Epinephrine is derived from norepinephrine. 

The adrenal medulla and the sympathetie division function 
together to prepare the body for physieal aetivity, producing the 
a fight-or-flighf , response (see ehapter 14). Some of the major effeets 
of the hormones released from the adrenal medulla are the following: 

1 . inereased breakdown of glyeogen to glucose in the liver, the 
release of the glucose into the blood, and the release of fatty 
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Hypoparathyroidism is an abnor- 
mally low rate of PTH seeretion resulting from 
injury to, or surgical removal of, the parathy- 
roid glands.The low blood levels of PTH result 
in a reduced rate of bone breakdown and 


reduced vitamin D formation. As a result, 
blood Ca 2+ levels deerease. In response to 
low blood Ca 2+ levels, nerves and muscles 
beeome excitable and produce spontaneous 
aetion potentials (see ehapter 10).Tetanus of 
skeletal muscles (see ehapter 8) produces 
muscle eramps. Severe tetanus of the dia- 
phragm and other respiratory muscles ean 
stop breathing, resulting in death. 



Hypoparathyroidism and Hyperparathyroidism 



Hyperparathyroidism is an abnormally 
high rate of PTH seeretion. Primary hyper- 
parathyroidism usually results from a tumor 
of a parathyroid gland. The elevated blood 
levels of PTH inerease bone breakdown and 
elevate blood Ca 2+ levels. As a result, bones 
ean beeome soft, deformed, and easily frae- 
tured. In addition, the elevated blood Ca 2+ 
levels make nerve and muscle less excitable, 
resulting in fatigue and muscle weakness. 
The excess Ca 2+ ean be deposited in soft tis- 
sues of the body, and kidney stones ean 
result.TheCa 2+ deposits in softtissues cause 
inflammation. 


Seeondary hyperparathyroidism is 

caused by eonditions that cause long-term 
hyperstimulation of the parathyroid glands, 
such as low Ca 2+ levels or tissue resistanee 
to PTH. Chronic renal failure is the most 
eommon cause. Damage to the kidneys 
results in inadequate vitamin D production, 
which causes deereased Ca 2+ absorption 
from the small intestine. The elevated PTH 
promotes inereased breakdown of bone. 
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Figure 15.21 Adrenal Glands ap r 

(a) An adrenal gland is at the superior pole of eaeh kidney. 

( b ) The adrenal glands have an outer cortex and an inner 
medulla.The cortex is surrounded by a eonneetive tissue 
capsule and eonsists of three layers: the zona glomemlosa, 

the zona fasciculata, and the zona reticularis. (b) 
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aeids from fat eells. The glucose and fatty aeids are used as 
energy sources to maintain the body’s inereased rate of 
metabolism. 

2 . inereased heart rate, which inereases blood pressure and blood 
delivery to tissues. 

3 . inereased vasodilation of blood vessels of the heart and skeletal 
muscle, which inereases blood flow to the organs responsible 
for inereased physieal aetivity. The hormones inerease 
vasoeonstrietion of blood vessels to the internal organs and 
skin, which deereases blood flow to organs not direetly 
involved in physieal aetivity. 

4. inereased metabolie rate of several tissues, espeeially skeletal 
muscle, eardiae muscle, and nervous tissue. 

The release of adrenal medullary hormones primarily occurs in 
response to stimulation by sympathetie neurons because the adrenal 
medulla is a speeialized part of the autonomic nervous system. 
Several eonditions, including exercise, emotional excitement, injury, 
stress, and low blood glucose levels, lead to the release of adrenal 
medullary hormones (figure 13.22). 

} 

Adrenal Tumors 

The two major disorders of the adrenal medulla are both tumors. 
Pheoehromoeytoma (fè'ó-kró'mó-sl-tó'mà) is a benign tumor; 
neuroblastoma (noor'ó-blas-tó'mà) is a malignant tumor. 
Symptoms, resulting from the release of large amounts of epineph- 
rine and norepinephrine, include hypertension (high blood pres- 
sure), sweating, nervousness, pallor, and taehyeardia (rapid heart 
rate). The high blood pressure results from the effeet of these hor- 
mones on the heart and blood vessels and is eorrelated with an 
inereased ehanee of heart disease and stroke. 


45 VVhere are the adrenal glands loeated? 

46 Name two hormones seereted by the adrenal medulla, and list the 
effeets of these hormones. 

47 List eonditions that ean stimulate the seeretion of adrenal medullary 
hormones. 

48 Name the two major disorders of the adrenal medulla and the 
symptoms they produce. 

Hormones of the Adrenal Cortex 

The adrenal cortex seeretes three hormone types: mineraloeortieoids 
(min' er-al-ò-kòr' ti-koydz), glucocorticoids (gloo-kò-kòr' ti-koydz), 
and androgens (an'drò-jenz) (see table 15.4). All are similar in struc- 
ture in that they are steroids, highly speeialized lipids that are derived 
from eholesterol. Because they are lipid-soluble, they are not stored in 
the adrenal gland eells but diffuse from the eells as they are synthe- 
sized. Adrenal eortieal hormones are transported in the blood in 
eombination with speeifie plasma proteins; they are metabolized in 
the liver and excreted in the bile and urine. The hormones of the 
adrenal cortex bind to nuclear reeeptors and stimulate the synthesis of 
speeifie proteins that are responsible for producing the eell’s responses. 

Mineraloeortieoids 

The major seeretory products of the zona glomemlosa are the miner- 
aloeortieoids. The mineraloeortieoids are so named because they are 
steroids, produced by the adrenal cortex, that affeet the “minerals” 
Na + , K + , and H + . Aldosterone (al-dos'ter-òn) is produced in the 
greatest amounts, although other, elosely related mineraloeortieoids 
are also seereted. Aldosterone inereases the rate of Na + reabsorption 
by the kidneys, thereby inereasing blood Na + levels. Sodium reab- 
sorption ean result in inereased water reabsorption by the kidneys 
and an inerease in blood volume, providing ADH is also seereted. 
inereased blood volume ean inerease blood pressure. 


1. Stress, physieal aetivity, and 
low blood glucose levels aet as 
stimuli to the hypothalarrms, 
resulting in inereased 
sympathetie aetivity. 

2. An inereased frequency of 
aetion potentials conducted 
through the sympathetie 
division of the autonomic 
nervous system stimulates the 
adrenal medulla to seerete 
epinephrine and some 
norepinephrine into the 
circulatory system. 

3. Epinephrine and 
norepinephrine aet on their 
target tissues to produce 
responses. 
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• Stress 

• Physieal aetivity 

• Low blood glucose levels 


• inerease the release of glucose 
from the liver into the blood 

• inerease the release of fatty aeids 
from adipose tissue into the blood 

• inerease heart rate 

• Deerease blood flow through blood 
vessels of internal organs 

• inerease blood flow through blood 
vessels of skeletal muscle and the 
heart 

• inerease blood pressure 

• Deerease the function of viseeral 
organs 

• inerease the metabolie rate of 
skeletal muscles 


Proeess Figure 15.22 Regulation of Adrenal Medullary seeretions 

Stress, physieal exercise, and low blood glucose levels cause inereased sympathetie aetivity, which inereases epinephrine and norepinephrine seeretion from the 
adrenal medulla. 
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Aldosterone inereases K + and H + excretion into the urine by 
the kidneys, thereby deereasing blood levels of K + and H + . When 
aldosterone is seereted in high eoneentrations, it ean result in abnor- 
mally low blood levels of K + and H + . The reduction in H + ean cause 
alkalosis, an abnormally elevated pH of body fluids. The details of 
the effeets of aldosterone and the meehanisms eontrolling aldoste- 
rone seeretion are discussed along with kidney ffmetions in ehapter 23 
and with the cardiovascular system in ehapter 18. 




What effeet do high and low blood levels of aldosterone have on nerve and 
muscle function {hint: blood K + levels)? 


Glucocorticoids 

The zona fasciculata of the adrenal cortex primarily seeretes glu- 
eoeortieoids. The glucocorticoids are so named because they are 
steroids produced by the adrenal cortex that affeet glucose metab- 
olism. The major glucocorticoid is eortisol (kòr'ti-sol). The target 
tissues and responses to the glucocorticoids are numerous. The 
two major types of responses to glucocorticoids are elassified as 
metabolie and anti-inflammatory. Cortisol inereases the break- 
down of protein and fat and inereases their eonversion to forms 
that ean be used as energy sources by the body. For example, eor- 
tisol causes proteins in skeletal muscles to be broken down to 
amino aeids, which are then released into the circulatory system. 


Cortisol aets on the liver, causing it to eonvert amino aeids to 
glucose, which is released into the blood or stored as glyeogen. 
Thus, eortisol inereases blood sugar levels. Cortisol also aets on 
adipose tissue, causing fat stored in fat eells to be broken down to 
fatty aeids, which are released into the circulation. The glucose 
and fatty aeids released into the circulatory system are taken up 
by tissues and used as sources of energy. 

Glucocorticoids deerease the intensity of the inflammatory and 
immune responses by deereasing both the number of white blood eells 
and the seeretion of inflammatory ehemieals from tissues. Cortisone 
(kòr'ti-sòn), a steroid elosely related to eortisol, is often given as a 
medieation to reduce inflammation that occurs in response to injuries. 
It is also given to reduce the immune and inflammatory responses that 
occur as a result of allergie reaetions or diseases resulting from abnor- 
mal immune responses, such as rheumatoid arthritis or asthma. 

In response to stressfiil eonditions, eortisol is seereted in larger 
than normal amounts. Cortisol aids the body in responding to stress- 
ful eonditions by providing energy sources for tissues. If stressfiil 
eonditions are prolonged, however, immunity ean be suppressed 
enough to make the body susceptible to infeetions. 

Cortisol seeretion is regulated through the hypothalamus and 
anterior pimitary gland (figure 13.23). Stress and low blood glucose levels 
stimulate inereased eortieotropin-releasing hormone (CRH) from the 
hypothalamus. CRH stimulates inereased adrenoeortieotropie 
(à-dré'nò-kòr'ti-kò-trò'pik) hormone (ACTH) seeretion from the 
anterior pituitary gland. ACTH stimulates inereased eortisol seeretion 


1. Cortiocotropin-releasing hormone (CRH) 
is released from hypothalamie neurons in 
response to stress or low blood glucose 
and passes, by way of the 
hypothalamohypophyseal portal system, 
to the anterior pituitary. 

2. CRH stimulates the seeretion of 
adrenoeortieotropie hormone (ACTH) 
from the anterior pituitary. 

3. ACTH stirrmlates the seeretion of eortisol 
from the adrenal cortex. 

4. Cortisol aets on target tissues, resulting 
in inereased fat and protein breakdown, 
inereased glucose levels, and anti- 
inflammatory effeets. 

5. Cortisol has a negative-feedbaek effeet 
because it inhibits CRH release from the 
hypothalarrms and ACTH seeretion from 
the anterior pituitary. 
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Proeess Figure 15.23 Regiilation of eortisol Seeretion 
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Several pathologies are assoeiated 
with hyposeeretion and hyperseeretion of 
adrenal cortex hormones. 


Hyposeeretion 

ehronie adrenoeortieal insufficiency, often 
ealled Addison disease, results from abnor- 
mally low levels of aldosterone and eortisol 
in the blood. The cause of many eases of 
ehronie adrenoeortieal insuffìciency is un- 
known, but it frequently results from an 
autoimmune disease in which the body's de- 
fense meehanisms inappropriately destroy 
the adrenal cortex. Other causes are infee- 
tions and tumors that damage the adrenal 
cortex. Prolonged treatment with glucocor- 
tieoids, which suppresses pituitary gland 
function, ean also cause ehronie adrenoeorti- 
eal insufficiency. Symptoms resulting from 
low levels of aldosterone include hyponatre- 
mia (deereased blood Na + ), hyperkalemia 
(elevated K + ), aeidosis (elevated H + ), tremors 
and tetanus of skeletal muscle (due to ele- 
vated K + ), and inereased urine production 
(due to a loss of Na + and water in the urine). 
As water is lost in the urine, blood volume 
deereases, causing blood pressure to 
deerease. Reduced blood pressure is the 
most eritieal manifestation of Addison dis- 
ease and requires immediate treatment. 

Symptoms resulting from low levels of 
eortisol include hypoglyeemia (low blood 
sugar), weight loss (due to inadequate protein 
and fat metabolism), and in many eases 
inereased pigmentation of the skin. An under- 
standing of how ACTH is produced is neees- 
sary to understand how low eortisol levels ean 
cause inereased skin pigmentation. ACTH is 
one of several peptide hormones derived 
from a precursor protein ealled proopiomel- 
anoeortin (prò-ò'pé-ò-merà-nò-kòr'tin). This 
precursor protein is broken apart to form 
ACTH and melanocyte-stimulating hormone 
(MSH), which binds to melanoeytes in the skin 
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and inereases skin pigmentation (see ehapter 5). 
Thus, when ACTH production inereases, so 
does MSH production. When eortisol levels 
are low, there is a deerease in inhibition of the 
anterior pituitary by eortisol and ACTH and 
MSH production inereases. 

Hyperseeretion 

Aldosteronism (al-dos'ter-on-izm) iscaused 
by an excess production of aldosterone. Pri- 
mary aldosteronism results from an adrenal 
cortex tumor, and seeondary aldosteronism 
occurs when an extraneous faetor, such as 
an overproduction of renin, a substance 
produced by the kidneys, inereases aldoste- 
rone seeretion. Major symptoms of aldoste- 
ronism are hypernatremia (elevated blood 
Na + ), hypokalemia (deereased K + ), alkalosis 
(deereased H + ), and high blood pressure 
due to the retention of water and Na + by the 
kidneys. 

Cushing syndrome is a disorder eharae- 
terized by the hyperseeretion of eortisol and 
androgens and possibly by excess aldoste- 
rone production. Most eases are caused by 
excess ACTH production by nonpituitary 
tumors, which usually result from a type of 
lung eaneer. Some eases of inereased ACTH 
seeretion do result from pituitary tumors. 
Sometimes adrenal tumors or unidentifìed 
causes ean be responsible for hyperseeretion 
of the adrenal cortex without inereases in 
ACTH seeretion. Elevated seeretion of gluco- 
eortieoids results in hyperglyeemia (high 
blood glucose levels) and depression of the 
immune system. Destruction of tissue protein 
causes muscle atrophy and weakness, osteo- 
porosis, bmising (weak eapillary walls), thin 
skin, and impaired wound healing. Fats accu- 
mulate in the faee, neek, and trunk (figure C). 

Adrenogenital (à-drè'nó-jen'i-tàl) syn- 
drome results from the hyperseeretion of 
androgens from the adrenal cortex. If the eon- 
dition occurs in ehildhood, seeondary sex 



Figlire C Male Patient with 

Cushing Syndrome 

eharaeteristies develop early in boys, and girls 
are masculinized. If the eondition develops 
before birth in females, the external genitalia 
ean be masculinized to the extent that the 
infant's reproductive structures are neither 
elearly female nor male. Hyperseeretion of 
adrenal androgens in male ehildren before 
puberty results in rapid and early develop- 
ment of the reproductive system. If not 
treated, early sexual development and short 
stature result. The short stature results from 
the effeet of androgens on skeletal growth 
(see ehapter 6). In women, the partial develop- 
ment of male seeondary sex eharaeteristies, 
such as faeial hair and a masculine voiee, occurs. 
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from the adrenal gland. ACTH is also neeessary to maintain the seere- 
tory aetivity of the entire adrenal cortex, which rapidly atrophies with- 
out this hormone. Cortisol inhibits CRH and ACTH seeretion. This 
negative-feedbaek loop is important in maintaining blood eortisol levels 
within a narrow range of eoneentrations. 


Prediet 



Cortisone, a drug similar to eortisol, is sometimes given to people to reduce 
inflammation.Taking eortisone for long periods of time ean damage the adre- 
nal cortex. Explain how this damage ean occur. 
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Diabetes mellitus results from the 
inadequate seeretion of insulin or the inabil- 
ity of tissues to respond to insulin. As a result, 
blood sugar levels inerease. Approximately 
7% of Amerieans have diabetes and one- 
third of them are unaware that they have the 
disease. The two major types of diabetes are 
type 1 and type 2 diabetes. Type 1 diabetes 
mellitus, also ealled insiilin-dependent 
diabetes mellitus (IDDM), results from 
diminished or absent insulin seeretion. It 
affeets approximately 5%—10% of people 
with diabetes mellitus and most eommonly 
occurs in young people.Type 1 diabetes mel- 
litus develops as a result of autoimmune 
destruction of the panereatie islets, and 
symptoms appear after approximately 90% 
of the islets have been destroyed. Heredity 
plays a role in the eondition, although the 
initiation of panereatie islet destruction may 
involve a viral infeetion of the panereas. 

Type 2 diabetes mellitus, also ealled 
noninsulin-dependent diabetes mellitus 
(NIDDM), results from insulin resistanee, the 
inability of tissues to respond normally to 
insulin. It affeets approximately 90%-95% of 
people who have diabetes mellitus and usu- 
ally develops in people older than 40-45 
years of age, although the age of onset varies 
eonsiderably. People with type 2 diabetes 
mellitus have a reduced number of functional 
reeeptors for insulin, or one or more of the 
enzymes aetivated by the insulin reeeptor are 
defeetive. Heredity influences the likelihood 
of developing type 2 diabetes, but it is not as 
important a riskfaetor as for type 1 diabetes. 


Diabetes Mellitus 

Gestational diabetes mellitus results 
from insulin resistanee. Hormones produced 
by the plaeenta, such as estrogens, proges- 
terone, and human plaeental laetogen, 
inerease insulin resistanee. Gestational diabe- 
tes occurs in approximately 4% of pregnant 
women. Usually, following delivery the gesta- 
tional diabetes goes away. Women who have 
had gestational diabetes, however, may 
develop type 2 diabetes years later. 

Hyperglyeemia is abnormally high 
blood glucose levels. It ean develop in 
patients with untreated diabetes mellitus 
for two reasons: (1) Glucose is not entering 
eells normally and (2) glucose is being syn- 
thesized because of inereased glucagon, 
eortisol, and epinephrine levels. 

Glucose toleranee tests are used to diag- 
nose diabetes mellitus. In general, the test 
involves feeding the patient a large amount 
of glucose after a period of fasting. Blood 
samples are eolleeted for a few hours, and a 
sustained inerease in blood glucose levels 
strongly indieates that the person is suffer- 
ing from diabetes mellitus. 

Polyuria and polydipsia are major symp- 
toms of untreated diabetes mellitus related 
to hyperglyeemia. Polyuria (pol-é-u'ré-à) is 
inereased urine volume. When blood glu- 
eose levels are very high, glucose molecules 
enter the kidney tubules and inerease the 
solute eoneentration of the urine. Normally, 
urine does not eontain glucose, and the 
presenee of glucose in the urine means it is 
very likely that a person has diabetes. Water 
is attraeted to the glucose because of osmo- 


sis and urine volume inereases. Polydipsia 
(pol-é-dip'sé-à) is inereased thirst.The loss of 
water and the high blood glucose levels 
inerease the osmotie eoneentration of blood, 
which inereases the sensation of thirst. 

Type 1 and type 2 diabetes ean have 
different effeets on body weight. Before 
the treatment of diabetes with insulin, 
untreated type 1 diabeties appeared to 
starve to death in spite of eating a large 
amount of food. In the absenee of insulin, 
the satiety eenter eannot deteet the pres- 
enee of glucose in the extracellular fluid, 
even when high levels are present. Intense 
hunger results in excessive eating, ealled 
polyphagia (pol-è-fà'jè-à, much eating). 
Despite high blood glucose levels, tissues 
break down amino aeids and fats for 
energy, resulting in tissue wasting. 

In patients with type 2 diabetes mellitus, 
obesity is eommon, although not universal. 
Elevated blood glucose levels cause fat eells to 
eonvert glucose to fat, even though the rate at 
which adipose eells take up glucose is impaired. 

Three potentially life-threatening eondi- 
tions are assoeiated with untreated diabetes 
mellitus: diabetie ketoaeidosis, hyperglyee- 
mie hyperosmolar state, and insulin shoek. 
Diabetie ketoaeidosis (DKA) is the triad of 
hyperglyeemia, ketosis, and aeidosis. Keto- 
sis (ké-tò'sis) is the presenee of excess 
ketone bodies in the blood. When insulin 
levels are low and glucagon and epineph- 
rine levels are high, there is inereased utiliza- 
tion of fatty aeids for energy, resulting in the 
excess production of ketone bodies by the 



Adrenal Androgens 

The zona reticularis seeretes androgens (an'drò-jenz, andros, 
male), which are named for their ability to stimulate the develop- 
ment of seeondary male sexual eharaeteristies (see ehapter 24). 
Adrenal androgens are eonverted by peripheral tissues to the more 
potent androgen testosterone. Small amounts of androgens are 
seereted from the adrenal cortex in both males and females. In 
adult males, most androgens are seereted by the testes. The effeets 
of adrenal androgens in males are negligible, in eomparison with 
testosterone seereted by the testes. In adult females, androgens 
stimulate pubic and axillary hair growth and sexual drive. If the 
seeretion of sex hormones from the adrenal cortex is abnormally 
high, exaggerated male eharaeteristies develop in both males and 


females. This eondition is most apparent in females and in males 
before puberty, when the effeets are not masked by the seeretion of 
androgens by the testes. 

49 Deseribe the three layers of the adrenal cortex, and name the 
hormones produced by eaeh layer. 

50 What effeet does inereased aldosterone have on blood Na + , K + , and 
H + levels? 

51 Deseribe the metabolie and anti-inflammatory effeets produced by 
an inerease in eortisol seeretion. 

52 Starting in the hypothalamus, deseribe how stress or low blood sugar 
levels ean stimulate eortisol release. 

53 What effeets do adrenal androgens have on males and females? 
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liver. The presenee of excreted ketone bod- 
ies in the urine and in expired air ("aeetone 
breath") suggests that a person has diabetes 
mellitus. Ketone bodies are aeids, and an 
inerease in ketone bodies ean produce aei- 
dosis, an abnormally aeidie blood pH (see 
ehapter 23).Type 1 diabeties are most likely 
to develop DKA because they do not pro- 
duce enough insulin to prevent ketosis. 

Hyperglyeemie hyperosmolar state 
(HHS) eonsists of very elevated blood sugar 
levels. It is most likely to develop in type 2 
diabeties who have enough insulin to pre- 
vent ketosis, but not enough insulin to pre- 
vent hyperglyeemia. Over time, blood sugar 
levels ean gradually inerease to very high 
levels, espeeially if fluid intake does not 
mateh fluid loss caused by polyuria. In DKA 
and HHS, elevated blood sugar levels cause 
the dehydration of tissues as water moves 
from the tissues into the sugar-concentrated 
blood.The dehydration of brain eells causes 
lethargy, fatigue, periods of irritability, dis- 
orientation, and eoma. 

Insiilin shoek occurs when there is too 
much insulin relative to the amount of blood 
glucose. Too much insulin, too little food 
intake after an injeetion of insulin, or inereased 
metabolism of glucose due to excess exercise 
by a diabetie patient ean cause insulin shoek. 
The high levels of insulin cause target tissues 
to take up glucose at a very high rate. As a 
result, blood glucose levels rapidly fall to a low 
level. The nervous system depends on glu- 
eose as its major source of energy, and neu- 
rons malfunction when blood glucose levels 


beeome too low.The result ean be disorienta- 
tion, confusion, and eoma.The rapid deerease 
in blood glucose levels stimulates epineph- 
rine seeretion. Epinephrine causes pale skin 
(vasoeonstrietion), rapid heart rate, and 
inereased nervous system excitability. 

Diabetes has many serious, long-term 
consequences. Damage to the retina of the 
eye causes impaired vision and blindness. 
Damage to the kidneys results in kidney fail- 
ure. Depending on the part of the nervous 
system affeeted, there ean be sensations of 
pain, eoldness, tingling, or burning; muscle 
weakness and paralysis; loss of bladder and 
bowel eontrol; and impotenee. There is an 
inereased riskfor cardiovascular disease asso- 
eiated with atheroselerosis because low insu- 
lin levels promote the release of eholesterol 
and triglyeerides from the liver. Deereased 
blood delivery to tissues inereases the risk for 
infeetions and results in poor wound healing, 
which ean lead to amputation. 

Keeping blood glucose levels within a 
normal range appears to reduce the risk of 
developing the severe, long-term eonse- 
quences of diabetes.Taking insulin injeetions 
(fìgure D), monitoring blood glucose levels, 
and following a striet diet to keep blood glu- 
eose levels within a normal range of values 
are the major treatments for type 1 diabetes 
mellitus. In some people with type 2 diabetes 
mellitus, insulin production eventually de- 
ereases because panereatie islet eells atro- 
phy, and type 1 diabetes mellitus develops. 
Approximately 25%-30% of patients with 
type 2 diabetes mellitus take insulin, 50% 



Figure D Ten-Year-Old Boy Giving 

Himself lnsulin 

take oral medieation to inerease insulin seere- 
tion and inerease the effieieney of glucose 
utilization, and the remainder eontrol blood 
glucose levels with exercise and diet. 
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15.6 Panereas 

The panereas (pan'kré-us) is an elongated organ approximately 15 em 
long and weighing approximately 85—100 g. It lies posterior to the 
stomaeh and is partially surrounded by a loop of the first part of the 
small intestine (figure 15.24). The panereas is both an exocrine gland 
and an endoerine gland. The exocrine portion eonsists of aeini 
(as'i-nl), which produce panereatie juice, and a duct system, which 
earries the panereatie juice to the small intestine (see ehapter 24). The 
endoerine part eonsists of panereatie islets (islets of Langerhans), 
which seerete hormones that enter the circulatory system. 

Between 500,000 and 1 million panereatie islets are dispersed 
among the ducts and aeini of the panereas. Within the islets, alpha 


(a) eells seerete glucagon and beta ((3) eells seerete insulin. Nerves 
from both divisions of the autonomic nervous system innervate the 
panereatie islets, and a well-developed eapillary network surrounds 
eaeh islet. 

Effeet of Insiilin and Glucagon 
on Their Target Tissues 

lnsulin 

Insulin inereases the uptake of glucose and amino aeids by target 
eells. Onee insulin binds to its reeeptors, the reeeptors cause speeifie 
proteins in the membrane to beeome phosphorylated. Part of the 
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Panereas 




Aeini 


Panereatie 
islets make 
up the 
endoerine 
portion of the 
panereas, 
which 
seeretes 
hormones. 



Common bile 
duct from liver 


Duodenum 
(first part of 


small intestine) 


Panereatie duct 



Panereas 


Alpha eell 
(seeretes glucagon) 


Beta eell 

(seeretes insulin) 


To panereatie 
duct and the 
small intestine 


To vein 

(transports 

hormones) 


Aeini make up the 
exocrine portion 
of the panereas, which 
seeretes enzymes that 
move through the ducts 
to the small intestine. 



(b) 


Figure 15.24 Panereas apìr 

( a ) Anterior view of the panereas. (b) A panereatie islet eonsists of clusters of speeialized eells among the aeini of the exocrine portion of the panereas. (e) Light 
mierograph of panereatie tissue.The stain used for this slide does not distinguish between alpha and beta eells. 


eell’s response to insulin is to inerease the number of transport pro- 
teins in the membrane of eells for glucose and amino aeids. 

The major target tissues of insulin are the liver, adipose tissue, 
the skeletal muscles, and the satiety eenter within the hypothalamus 
of the brain. The satiety (sa'-tl-é-té) eenter is a eolleetion of neurons 
in the hypothalamus that eontrols appetite (see ehapter 11). Unlike 
the satiety eenter, most of the nervous system does not depend on 
insulin for the uptake of glucose. Insulin is very important for the 
normal functioning of the nervous system, however, because insulin 
regulates blood glucose levels. If blood glucose levels are not main- 
tained within a normal range, the brain malfunctions because glu- 
eose is its primary energy source. 

When insulin levels inerease, the movement of glucose and 
amino aeids into eells inereases. Glucose molecules that are not 
immediately used as an energy source are stored as glyeogen in the 
liver, skeletal muscle, and other tissues, or they are eonverted to fat 
in adipose tissue. Amino aeids are used to synthesize proteins. 

When insulin levels deerease, the opposite effeets are observed. 
The movement of glucose and amino aeids into tissues slows. 
Glyeogen is broken down to glucose, which is released from the liver, 
but not from skeletal muscle. Adipose tissue releases fatty aeids, and 
proteins are broken down into amino aeids, espeeially in skeletal 
muscle. The amino aeids are released into the blood, taken up by the 
liver, and used to synthesize glucose, which is released into the blood. 


When insulin levels deerease, the liver uses fatty aeids to make 
aeetoaeetie (as'e-tò-a-sé'tik) aeid, which is eonverted to aeetone 
(as'e-tòn) and (3-hydroxybutyric (bà'tà hl-drok'sé-bu-tir'ik) 
aeid. These three substances eolleetively are referred to as ketone 
(ké'tòn) bodies. The liver releases the ketone bodies into the 
blood, from which other tissues take them up and use them as a 
source of energy. The ketone bodies are smaller, more readily used 
“paekets” of energy than are fatty aeids. Ketone bodies, however, 
are aeids that ean adversely affeet blood pH if too many of them 

are produced (see “Diabetes Mellitus,” pp. 452—453). In addition, 

when insulin levels are low, the liver releases eholesterol and tri- 
glyeerides into the blood. 

Glucagon 

Glucagon inereases blood sugar and ketone levels. Glucagon pri- 
marily influences the liver, although it has some effeet on skeletal 
muscle and adipose tissue. The panereas seeretes glucagon into the 
hepatie portal system, which earries blood to the liver from the 
panereas and intestines (see ehapter 18). Glucagon binds to 
membrane-bound reeeptors, aetivates G proteins, and inereases 
eAMP synthesis. In general, glucagon causes the breakdown of 
glyeogen to glucose and inereases glucose synthesis from amino 
aeids. The release of glucose from the liver inereases blood glucose 
levels. 
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Regulation of Panereatie 
Hormone Seeretion 

lnsulin 

Blood levels of nutrients, neural stimulation, and hormones eontrol 
the seeretion of insulin. Elevated blood levels of glucose direetly 
affeet the (3 eells and stimulate insulin seeretion. Low blood levels of 
glucose direetly inhibit insulin seeretion. Thus, blood glucose levels 
play a major role in the regulation of insulin seeretion. Certain 
amino aeids also stimulate insulin seeretion by aeting direetly on the 
p eells. After a meal, when glucose and amino aeid levels inerease in 
the circulatory system, insulin seeretion inereases. During periods of 


fasting, when blood glucose levels are low, the rate of insulin seere- 
tion deelines (figure 15.25). 

The autonomic nervous system also eontrols insulin seeretion. The 
parasympathetie stimulation of digestive system organs is assoeiated 
with food intake. Parasympathetie stimulation of the panereas inereases 
its seeretion of insulin and digestive enzymes. Sympathetie stimulation 
inhibits insulin seeretion and helps prevent a rapid fall in blood glucose 
levels during periods of physieal aetivity or excitement. This response is 
important for maintaining normal fimetioning of the nervous system. 

Gastrointestinal hormones involved with the regulation of diges- 
tion, such as gastrin, seeretin, and eholeeystokinin (see ehapter 21), 
inerease insulin seeretion. 
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Insiilin levels inerease: 

• The panereas inereases insulin seeretion. 

• The gastrointestinal traet releases hormones 
during digestion that stimulate insulin seeretion. 

• The ANS inereases parasympathetie stimulation 
of the panereas during digestion, which inereases 
insulin seeretion. 


Blood glucose level inereases: 

Homeostasis Disturbed 


Effeets of inereased insulin: 

• Most tissues inerease glucose uptake. 

• Skeletal muscle and the liver eonvert glucose to 
glyeogen. 

• Adipose tissue uses glucose to synthesize fats. 

\ 



Blood glucose level deereases 

Horneostasis Restored 
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lnsulin levels deerease: 

• The panereas deereases insulin seeretion. 

• The adrenal glands inerease epinephrine 
seeretion, which inhibits insulin seeretion. 

• The ANS inereases sympathetie stimulation of the 
panereas during exercise, which deereases insulin 
seeretion. 
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Effeets of deereased insiilin: 

• Most tissues deerease glucose uptake, making 
glucose available for use by the brain. 

• Skeletal muscle breaks down glyeogen to glucose 
(for internal use) and releases amino aeids. 

• The liver releases glucose into the blood (derived 
from the breakdown of glyeogen and the synthesis 
of glucose from amino aeids). 

• Adipose tissue releases fatty aeids (derived from 
the breakdown of fats). 

• The liver releases ketones (derived from fatty 



Homeostasis Figure 15.25 summary of insulin seeretion Regulation 
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Prediet 

Explain why the inerease in insulin seeretion in response to parasympathetie 
stimulation and gastrointestinal hormones is eonsistent with the maintenanee 
of blood glucose levels in the circulatory system. 




Glucagon 

Low blood glucose levels stimulate glucagon seeretion, and high 
blood glucose levels inhibit it. Certain amino aeids and sympathetie 
stimulation also inerease glucagon seeretion. After a high-protein 
meal, amino aeids inerease both insulin and glucagon seeretion. 
Insulin causes target tissues to aeeept the amino aeids for protein 
synthesis, and glucagon inereases the proeess of glucose synthesis 
from amino aeids in the liver. 

54 VVhere is the panereas loeated? Deseribe the exocrine and endoerine 
parts of this gland and the seeretions produced by eaeh portion. 

55 VVhat hormones are produced by alpha (a) and beta ((3) eells of the 
panereas? 

56 Name the major target tissues for insulin and glucagon. 

57 VVhat effeets are produced by an inerease and deerease of insulin? 
Deseribe three ways in which insulin seeretion is regulated. 

58 VVhat effeets are produced by an inerease and a deerease of 
glucagon? How is glucagon seeretion regulated? 


15.7 Hormonal Regiilation 

of Nntrients 

Two situations—after a meal and during exercise—ean illustrate how 
several hormones function together to regulate blood nutrient levels. 
After a meal and under resting eonditions, inereasing blood glucose 
levels and parasympathetie stimulation elevate insulin seeretion, but 
the seeretion of glucagon, eortisol, GH, and epinephrine is reduced. 
inereased insulin levels promote the uptake of glucose, amino aeids, 
and fats by target tissues. Substances not immediately used for eell 
metabolism are stored. Glucose is eonverted to glyeogen in skeletal 
muscle and the liver, and it is used for fat synthesis in adipose tissue 
and the liver. The rapid uptake and storage of glucose prevent too 
large an inerease in blood glucose levels. Amino aeids are ineorpo- 
rated into proteins, and fats ingested as part of the meal are stored in 
adipose tissue and the liver. If the meal is high in protein, a small 
amount of glucagon is seereted, thereby inereasing the rate at which 
the liver uses amino aeids to form glucose. 

Within 1—2 hours after the meal, absorption of digested mate- 
rials from the gastrointestinal traet deelines and blood glucose 
levels deeline. As a result, the seeretion of insulin deereases, but 
the seeretion of glucagon, GH, eortisol, and epinephrine inereases. 
As a result, the rate of glucose entry into the target tissues for 
insulin deereases. Glyeogen, stored in eells, is eonverted baek to 
glucose and is used as an energy source. The liver eonverts glyeo- 
gen to glucose and synthesizes glucose from amino aeids derived 
from the breakdown of proteins. The liver releases this glucose into 
the blood. The deereased uptake of glucose by most tissues, eom- 
bined with its release from the liver, helps maintain blood glucose 
at levels neeessary for normal brain function. Cells that use less 
glucose start using more fats. Adipose tissue releases fatty aeids, 


and the liver uses fatty aeids to produce ketones, which are 
released into the blood. Tissues take up fatty aeids and ketones 
from the blood and use them for energy. Fatty aeids and ketones 
are major sources of energy for most tissues when blood glucose 
levels are low. 

The interaetions of insulin, GH, glucagon, epinephrine, and 
eortisol are excellent examples of negative-feedbaek meehanisms. 
When blood glucose levels are high, these hormones cause the 
rapid uptake and storage of glucose, amino aeids, and fats. When 
blood glucose levels are low, they cause the release of glucose and 
a switch to fat and protein metabolism as a source of energy for 
most tissues. 

During exercise, skeletal muscles require energy to support the 
eontraetion proeess (see ehapter 8). Although metabolism of intra- 
cellular nutrients ean sustain muscle eontraetion for a short time, 
additional energy sources are required during prolonged aetivity. 
Sympathetie nervous system aetivity, which inereases during exer- 
eise, stimulates the release of epinephrine from the adrenal medulla 
and of glucagon from the panereas. These hormones induce the 
eonversion of glyeogen to glucose in the liver and the release of 
glucose into the blood, thus providing skeletal muscles with a 
source of energy. 

During sustained aetivity, glucose released from the liver and 
other tissues is not adequate to support muscle aetivity, and a dan- 
ger exists that blood glucose levels will beeome too low to support 
brain function. A deerease in insulin prevents the uptake of glucose 
by most tissues, thus eonserving glucose for the brain. Epinephrine, 
glucagon, eortisol, and GH cause an inerease of fatty aeids in the 
blood. Because GH inereases protein synthesis and slows the break- 
down of proteins, muscle proteins are not used as an energy source. 
Consequently, glucose metabolism deereases and fat metabolism in 
skeletal muscles inereases. At the end of a long raee, for example, 
muscles rely to a large extent on fat metabolism for energy. 

59 Deseribe the hormonal effeets after a meal that result in the 
movement of nutrients into eells and their storage. Deseribe the 
hormonal effeets that later cause the release of stored materials for 
use as energy. 

60 During exercise, how does sympathetie nervous system aetivity 
regulate blood glucose levels? Name five hormones that interaet to 
ensure that both the brain and muscles have adequate energy 
sources. 


Prediet 

Explain why long-distanee mnners may not have much of a"kick"left when 
they try to sprint to the finish line. 




15.8 Testes and Ovaries 



The testes of the male and the ovaries of the female seerete sex hor- 
mones, in addition to producing sperm eells or ooeytes (see figure 
15.1 and table 15.4). The main sex hormone produced in the male 
is testosterone (tes'tos'té-ròn), which is seereted by the testes. It is 
responsible for the growth and development of the male reproductive 
structures, muscle enlargement, the growth of body hair, voiee 
ehanges, and the male sexual drive. 
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In the female, two elasses of sex hormones are seereted by the 
ovaries: estrogen (es'trò-jen) and progesterone (prò-jes'ter-òn). 
Together these hormones contribute to the development and func- 
tion of female reproductive structures and other female sex eharae- 
teristies. These eharaeteristies include enlargement of the breasts 
and distribution of fat, which influences the shape of the hips, 
breasts, and thighs. The female menstmal eyele is eontrolled by the 
eyelieal release of estrogen and progesterone from the ovaries. 

The eontrol of the hormones that regulate reproductive func- 
tions is discussed in greater detail in ehapter 24. 

61 Name the major hormones seereted by the testes and ovaries. 

Deseribe some of the effeets of these hormones. 

15.9 Pineal Gland 

The pineal (pin'é-àl, pineeone) gland is a small, pineeone-shaped 
structure loeated superior and posterior to the thalamus of the brain 
(see ehapter 11). The pineal gland produces a hormone ealled mela- 
tonin (mel-à-tòn'in), which inhibits the flanetions of the reproduc- 
tive system in some animals. Melatonin deereases the seeretion of 
gonadotropin—releasing hormone (GnRH) from the hypothalamus. 
GnRH deereases the seeretion of luteinizing hormone and folliele- 
stimulating hormone from the anterior pituitary. Without these 
anterior pituitary hormones, the testes do not produce testosterone 


and the ovaries do not produce estrogen and progesterone. 
Consequently, the development of reproductive structures and 
behavior does not occur. The flanetion of the pineal gland in 
humans is not elear, but melatonin may play an important role in 
the onset of puberty. Tumors that destroy the pineal gland eorrelate 
with early sexual development, and tumors that result in pineal 
hormone seeretion eorrelate with retarded development of the 
reproductive system. It is not elear, however, if the pineal gland 
eontrols the onset of puberty. 

The amount of light deteeted by the eyes regulates the rate of 
melatonin seeretion. The axons of some neurons in the retina pass from 
the optie ehiasm to the suprachiasmatic nucleus in the hypothalamus 
(see figure 11.20c), which influences the pineal gland through sympa- 
thetie neurons (figure 15.26). inereased light exposure inhibits melato- 
nin seeretion, whereas darkness allows melatonin seeretion. Melatonin 
is sometimes ealled the “hormone of darkness” because its production 
inereases in the dark. In many animals, longer day length (shorter 
nights) causes a deerease in melatonin seeretion, whereas shorter day 
length (longer nights) causes an inerease in melatonin seeretion. For 
example, in animals that breed in the spring, inereased day length 
results in deereased melatonin seeretion. With deereased inhibition of 
the hypothalamus by melatonin, sex hormone production inereases, 
which promotes the development of reproductive structures and behav- 
ior. In the fall, deereased day length results in inereased melatonin 
seeretion, deereased sex hormone production, atrophy of reproductive 


1. Light entering the eye 
stimulates neurons in 
the retina of the eye 
to produce aetion 
potentials. 

2. Aetion potentials are 
transmitted to the 
hypothalamus in the 
brain. 

3. Aetion potentials from 
the hypothalamus are 
transmitted through the 
sympathetie division to 
the pineal gland. 

4. A deerease in light (dark) 
results in inereased 
sympathetie stimulation of 
the pineal gland and 
inereased melatonin 
seeretion. An inerease in 
light results in deereased 
sympathetie stimulation of 
the pineal gland and 
deereased melatonin 
seeretion. 

5. Melatonin inhibits 
GnRH seeretion from 
the hypothalamus and 
may help regulate sleep 
eyeles. 


0 



Proeess Figure 15.26 Regulation of Melatonin seeretion from the Pineal Gland 

Light entering the eye inhibits and dark stimulates the release of melatonin from the pineal gland. 
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organs, and a eessation of reproductive behavior. Thus, reproductive 
development and behavior are tied to seasonal ehanges in day length. 
Humans are not seasonal breeders, but humans do seerete larger 
amounts of melatonin at night than in the daylight. Melatonin may 
effeet eireadian rhythms (see ehapter 11). For example, melatonin 
effeets the sleep-wake eyele by inereasing the tendeney to sleep. 

62 Where is the pineal gland loeated? Name the hormone it produces 
and its possible effeets. 

63 What effeet does light exposure have on melatonin seeretion? 

15.10 Other Endoerine Organs 

The thymus (thl'mhs) is in the neek and superior to the heart in the 
thorax; it seeretes a hormone ealled thymosin (thl'mò-sin) (see 
table 15.4). Both the thymus and thymosin play an important role 
in the development and mamration of the immune system, as dis- 
cussed in ehapter 19. 

Several hormones, such as gastrin (gas'trin), seeretin (se-kré'tin), 
and eholeeystokinin (kò'lé-sis-tò-kì'nin), are released from the gas- 
trointestinal traet. They regulate digestive functions by influencing 
the aetivity of the stomaeh, intestines, liver, and panereas. They are 
discussed in ehapter 21. 

The kidneys seerete a hormone in response to reduced oxygen 
levels in the kidney. The hormone is ealled erythropoietin (é-rith'rò- 
poy'é-tin, erythro refers to red blood eells). It aets on red bone mar- 
row to inerease the production of red blood eells (see ehapter 16). 

In pregnant women, the plaeenta is an important source 
of hormones that maintain pregnaney and stimulate breast devel- 
opment. These hormones include estrogen, progesterone, and 
human ehorionie (kò-ré-on'ik) gonadotropin (gò'nad-ò-trò'pin), 
which is similar in structure and function to LH. These hormones 
are essential to the maintenanee of pregnaney (see ehapter 24). 

64 What hormones are seereted by the thymus, gastrointestinal traet, 
kidneys, and plaeenta? 

15.11 Hormonelike Substances 

Autocrine (aw'tò-krin, autos, self + krinó, to separate) ehemieal 
messengers are ehemieals released by a eell that affeet the eell pro- 
ducing it or affeet nearby eells of the same eell type. Examples of 
autocrine ehemieal messengers include a group of related ehemieal 
mediators ealled eieosanoids (ì'kò-sà-noydz), which are derived 
from fatty aeids. The eieosanoids include prostaglandins (pros'-stà- 
glandinz), thromboxanes (throm'bok-zànz), prostaeyelins (pros-tà- 
sl'klinz), and leukotrienes (loo'kò-trì'énz). 

Paraerine (par'à-krin, para, alongside + erine) ehemieal mes- 
sengers are ehemieals released by a eell that affeet nearby eells of a 
different eell type. Examples of paraerine ehemieal messengers 
include growth faetors, elotting faetors, and histamine. 

Autocrine and paraerine ehemieal messengers differ from hor- 
mones in that they are not seereted from diserete endoerine glands, they 
have loeal effeets rather than systemie effeets, or they have functions 
that are not understood adequately to explain their role in the body. 


The sehemes used to elassify ehemieals on the basis of their func- 
tions are useful, but they do not indieate that a speeifie molecule 
ahvays performs as the same type of ehemieal messenger in every 
plaee it is found. Some ehemieal messengers, such as prostaglandins, 
have both autocrine and paraerine functions. Furthermore, some of 
these ehemieals ean also aet as hormones. Testosterone produced in 
the testes has a paraerine effeet on the development of sperm eells, 
but it is released into the blood and has an endoerine effeet on skel- 
etal muscle development. 

65 Define autocrine ehemieal messengers and paraerine ehemieal 
messengers. 

15.12 Effeets of Aging on the 

Endoerine System 

Age-related ehanges to the endoerine system include a gradual 
deerease in the seeretion of some, but not all, endoerine glands. Some 
of the deereases in seeretion may be due to a deerease in physieal 
aetivity as people age. 

GH seeretion deereases as people age, and the deerease is 
greatest in people who do not exercise. It may not occur in older 
people who exercise regularly. Deereasing GH levels may explain 
some of the gradual deerease in bone and muscle mass and some 
of the inerease in adipose tissue in many elderly people. 
Administering GH to slow or prevent the consequences of aging 
has not been established to be effeetive, however, and unwanted 
side effeets are possible. 

A deerease in melatonin seeretion may influence age-related 
ehanges in sleep patterns. 

The seeretion of thyroid hormones deereases slightly with age. 
Age-related damage to the thyroid gland by the immune system ean 
occur, and this happens in women more than in men. Approximately 
10% of elderly women have some reduction in thyroid hormone 
seeretion. 

Parathyroid hormone seeretion does not appear to deerease with 
age. Blood levels of Ca 2+ may deerease slightly because of reduced 
dietary calcium intake and vitamin D levels. The greatest risk is a loss 
of bone matrix as parathyroid hormone inereases to maintain blood 
levels of Ca 2+ within their normal range. 

Reproductive hormone seeretion gradually deelines in elderly 
men, and women experience menopause. These age-related ehanges 
are deseribed in ehapter 24. 

There are no age-related deereases in the ability to regulate blood 
glucose levels. There is an age-related tendeney to develop type 2 dia- 
betes mellitus in those who have a familial tendeney to do so, and it is 
eorrelated with age-related inereases in body weight. 

Thymosin from the thymus deereases with age. Fewer immature 
lymphoeytes are able to mature and beeome functional, and the 
immune system beeomes less effeetive in proteeting the body. There is 
an inereased susceptibility to infeetion and to eaneer. 

66 Deseribe age-related ehanges in the seeretion of the following and 
the consequences of those ehanges: GH, melatonin, thyroid 
hormones, reproductive hormones, and thymosin. Name one 
hormone that does not appear to deerease with age. 


Effeets of the Endoeríne System 
on Other Systems 


Effeets of Other Systems on 
the Endoerine System 


lntegumentary 

System 


Skeletal 

System 


Muscular 

System 


Sex hormones inerease sebum production 
(contributing to aene), inerease apoerine 
gland seeretion (contributing to body 
odor), and stimulate axillary and pubic 
hair growth 

Melanocyte-stimulating hormone inereases 
melanin production 

Parathyroid hormone and ealeitonin regulate 
calcium release and uptake by bone 

Estrogen and testosterone stimulate bone 
growth and closure of the epiphyseal plate 

Growth hormone and thyroid hormone 
affeet bone growth and metabolism 

Hormones affeet muscle development, 
growth, and metabolism 


Produces a vitamin D precursor that is 
eonverted in the liver and kidneys to 
aetive vitamin D, which ffmetions as a 
hormone 


Proteets endoerine organs in the eranial, 
thoraeie, and pelvie eavities 


Muscular exercise stimulates endorphin 
release 


Nervous 

System 


Hormones affeet neuron development, 
growth, and metabolism 


Controls the release of hormones from the 
hypothalamus, posterior pituitary, and 
adrenal glands 



Cardiovascular 

System 


Epinephrine and norepinephrine inerease 
heart rate and foree of eontraetion and 
ehange blood vessel diameter 

Hormones regulate blood pressure 

Erythropoietin stimulates red blood eell 
formation 


Transports hormones released from endo- 
erine tissues 

Delivers oxygen, nutrients, and immune eells 

Removes earbon dioxide, waste products, 
and toxins 


Lymphatie 
System and 
lmmunity 



Respiratory 

System 

Digestive 

System 


Llrinary 

System 


Reproductive 

System 


Thymosin is neeessary for immune eell 
(T eell) maturation in the thymus gland 

Hormones affeet immune eell ffmetions 


Epinephrine causes dilation of air passage- 
ways (bronehioles) 

Regulates seeretion from digestive glands 
and organs 

Controls mixing and movement of 
digestive traet eontents 

ADH and aldosterone regulate fluid and 
eleetrolyte balanee 

Stimulates the onset of puberty and sexual 
eharaeteristies 

Stimulates gamete formation 

Promotes uterine eontraetions for delivery 

Makes possible and regulates milk 
production 


Lymph transports hormones 

Immune eells provide proteetion against 
mieroorganisms and toxins and promote 
tissue repair by releasing ehemieal 
mediators 

Removes excess interstitial fluid 

Provides oxygen and removes earbon dioxide 

Helps maintain the bodys pH 

Provides nutrients and water 


Removes waste products 

Helps maintain the bodys pH, ion, and 
water balanee 

Testosterone, estrogen, and inhibin 
regulate the release of hormones from the 
hypothalamus and pituitary gland 
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Siimmary 


15.1 Overvievv of the Endoerine System (p. 426 ) 

Functions of the Endoerine System 

The main regulatory functions include water balanee, uterine eontraetions 
and milk release, metabolism and tissue maturation, ion regulation, heart 
rate and blood pressure regulation, eontrol of blood glucose and other 
nutrients, immune system regulation, and eontrol of reproductive 
functions. 

General eharaeteristies of the Endoerine System 

1. Endoerine glands produce hormones that are released into the 
interstitial fluid and diflhse into the blood. Hormones aet on target 
tissues, producing speeifie responses. 

2. The protein group of hormones includes hormones that are proteins, 
glyeoproteins, polypeptides, and amino aeid derivatives. The lipid 
group of hormones includes hormones that are steroids and fatty aeid 
derivatives. 

3. Generalizations about the differenees between the endoerine and 
nervous systems include the following: (a) The endoerine system 
is amplitude-modulated, whereas the nervous system is frequency- 
modulated, and (b) the response of target tissues to hormones is 
usually slower and of longer duration than their response to 
neurons. 

eontrol of Seeretion Rate 

1. Negative-feedbaek meehanisms, which maintain homeostasis, eontrol 
the seeretion of most hormones. 

2. Hormone seeretion from an endoerine tissue is regulated by one or 
more of three meehanisms: ehanges in the extracellular eoneentration 
of a nonhormone substance, stimulation by the nervous system, or 
stimulation by a hormone from another endoerine tissue. 

3. Hormones are seereted at a eonstant rate, suddenly in response to 
stimuli, or at a eyelie rate. 

Transport and Excretion 

1. Hormones are dissolved in plasma or bind to plasma proteins. 

2. Water-soluble hormones, such as proteins, epinephrine, and 
norepinephrine, are rapidly removed from the blood. These hormones 
regulate aetivities that have a rapid onset and a short duration. 

3. Lipid-soluble hormones and thyroid hormones are not quickly removed 
from the blood. They produce a prolonged effeet. 

4. Hormones leave the blood to reaeh target tissues or are excreted by the 
kidneys or liver. 

interaetion of Hormones with TheirTarget Tissues 

1. Target tissues have reeeptor molecules that are speeifie for a particular 
hormone. 

2. Only eells with a reeeptor for a hormone respond to the hormone. 

3. Down-regulation deereases, and up-regulation inereases, the number of 
ffmetional reeeptors. 

eiasses of Reeeptors 

1. Membrane-bound reeeptors span plasma membranes. They bind to 
water-soluble or large-molecular-weight hormones. 

■ ionotropie reeeptors have an ion ehannel that opens or eloses to 
produce a eells response. 

■ Metabotropie reeeptors aetivate G proteins or intracellular enzymes. 

2. Nuclear reeeptors are in the nucleus, and sometimes in the eytoplasm. 
They bind to lipid-soluble hormones. 


3. A hormone binding to a membrane-bound reeeptor ean aetivate G proteins. 

■ The a subunit of the G protein ean bind to ion ehannels and cause 
them to open or elose. 

■ The a subunit of the G protein ean ehange the rate of synthesis of 
intracellular mediator moleofles, such as eAMP. 

4. A hormone binding to a membrane-bound reeeptor ean direetly 
aetivate intracellular enzymes, which in turn synthesizes intracellular 
mediators, such as eGMP, or adds a phosphate group to intracellular 
enzymes, which alters their aetivity. 

3. Intracellular mediator meehanisms are rapid-aeting because they aet on 
already existing enzymes and produce a signal amplifieation. 

■ Hormones bind with the nuclear reeeptor, and the reeeptor- 
hormone complex aetivates genes. Consequently, DNA is 
aetivated to produce mRNA. The mRNA initiates the production 
of eertain proteins that produce the response of the target eell to 
the hormone. 

■ Nuclear reeeptor meehanisms are slow-acting because time is 
required to produce the mRNA and the protein. 

15.2 Pituitary Gland and Hypothalamus (p. 435) 

1. The pituitary gland seeretes at least nine hormones that regulate 
numerous body ffmetions and other endoerine glands. 

2. The hypothalamus regulates pituitary gland aetivity through hormones 
and aetion potentials. 

Structure of the Pituitary Gland 

1. The posterior pituitary develops from the floor of the brain and 
eonneets to the hypothalamus by the infundibulum. 

2. The anterior pituitary develops from the roof of the mouth. 

Relationship of the Pituitary to the Brain 

1. The hypothalamohypophyseal portal system eonneets the hypothalamus 
and the anterior pituitary. 

■ Hormones are produced in hypothalamie neurons. 

■ Through the portal system, the hormones inhibit or stimulate 
hormone production in the anterior pituitary. 

2. The hypothalamohypophyseal traet eonneets the hypothalanms and the 
posterior pituitary. 

■ Hormones are produced in hypothalamie neurons. 

■ The hormones move down the axons of the traet and are seereted 
from the posterior pituitary. 

Hormones of the Pituitary Gland 

1. Antidiuretic hormone (ADH) promotes water retention by the kidneys. 

2. Oxytocin promotes uterine eontraetions during delivery and causes 
milk ejeetion in laetating women. 

3. Growth hormone (GH) stimulates growth in most tissues and is a 
regulator of metabolism. 

■ GH stimulates the uptake of amino aeids and their eonversion into 
proteins and stimulates the breakdown of fats and the synthesis of 
glucose. 

■ GH stimulates the production of somatomedins; together, they 
promote bone and eartilage growth. 

■ GH seeretion inereases in response to low blood glucose, stress, and 
an inerease in eertain amino aeids. 

■ GH is regulated by growth hormone—releasing hormone (GHRH) 
and growth hormone—inhibiting hormone (GHIH) from the 
hypothalairms. 
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15.3 Thyroid Gland (p. 44i) 

1. The thyroid gland is just inferior to the larynx. 

2 . The thyroid gland is eomposed of small, hollow balls of eells ealled 
follieles, which eontain thyroglobulin. 

3. Parafollicular eells are seattered throughout the thyroid gland. 

Thyroid Hormones 

1. Thyroid hormone (T 3 andT^ synthesis occurs in thyroid follieles. 

■ Iodide ions are taken into the follieles by seeondary aetive transport 
(symport), transported to the folliele lumen, and eonverted to iodine. 

■ Thyroglobulin is seereted into the folliele lumen. Tyrosine molecules 
with iodine eombine to form T 3 and T 4 within thyroglobulin. 

■ Thyroglobulin is taken into folliele eells and is broken down; T 3 
and T 4 diffuse from the follieles to the blood. 

2 . Thyroid hormones are transported in the blood. 

■ Thyroid hormones bind to thyroxine-binding globulin and other 
plasma proteins. The plasma proteins prolong the time that thyroid 
hormones remain in the blood. 

3. T 3 and T 4 bind with nuclear reeeptor molecules and initiate new 
protein synthesis. 

4. T 3 and T 4 affeet nearly every tissue in the body. 

■ T 3 and T 4 inerease the rate of glucose, fat, and protein metabolism 
in many tissues, thus inereasing body temperature. 

■ Normal growth of many tissues is dependent on T 3 and T 4 . 

3. Thyrotropin-releasing hormone (TRH) and thyroid-stimulating 

hormone (TSH) regulate T 3 and T 4 seeretion. 

■ TRH from the hypothalamus inereases TSH seeretion. TRH 
inereases as a result of ehronie exposure to eold and deereases as a 
result of food deprivation, injury, and infeetions. 

■ inereased TSH from the anterior pimitary inereases T 3 and T 4 
seeretion. 

■ T 3 and T 4 inhibit TSH and TRH seeretion. 

ealeitonin 

1. The parafollicular eells seerete ealeitonin. 

2. An inerease in blood calcium levels stimulates ealeitonin seeretion. 

3. Calcitonin deereases blood Ca 2+ levels by inhibiting osteoelasts. 

15.4 Parathyroid Glands (p. 446) 

1 . The parathyroid glands are embedded in the thyroid gland. 

2 . Parathyroid hormone (PTH) inereases blood Ca 2+ levels. 

■ PTH stimulates an inerease in osteoelast numbers, resulting in 
inereased breakdown of bone. 

■ PTH promotes Ca 2+ reabsorption by the kidneys and the formation 
of aetive vitamin D by the kidneys. 

■ Aetive vitamin D inereases calcium absorption by the intestine. 

3. A deerease in blood Ca 2+ levels stimulates PTH seeretion. 

15.5 Adrenal Glands (p. 446) 

1 . The adrenal glands are near the superior poles of the kidneys. 

2 . The adrenal medulla arises from the same eells that give rise to 
postganglionie sympathetie neurons. 

3. The adrenal cortex is divided into three layers: the zona glomemlosa, 
the zona fasciculata, and the zona reticularis. 

Hormones of the Adrenal Medulla 

1. Epinephrine accounts for 80% and norepinephrine for 20% of the 
adrenal medulla hormones. 

2 . The adrenal medulla hormones prepare the body for physieal aetivity. 
They inerease blood glucose levels, inerease the use of glyeogen and 
glucose by skeletal muscle, inerease heart rate and foree of eontraetion, 


and cause vasoeonstrietion in the skin and viseera and vasodilation in 
skeletal and eardiae muscle. 

3. Release of adrenal medulla hormones is mediated by the sympathetie 
division of the ANS in response to emotions, injury, stress, exercise, 
and low blood glucose levels. 

Hormones of the Adrenal Cortex 

1 . The zona glomemlosa seeretes the mineraloeortieoids, espeeially 
aldosterone. Aldosterone aets on the kidneys to inerease Na + and to 
deerease K + and H + levels in the blood. 

2 . The zona fasciculata seeretes glucocorticoids, espeeially eortisol. 

■ Cortisol inereases fat and protein breakdown, inereases glucose 
synthesis from amino aeids, deereases the inflammatory 
response, and is neeessary for the development of some tissues. 

■ Low blood glucose levels and stress stimulate eortieotropin-releasing 
hormone (CRH) seeretion from the hypothalamus. CRH 
stimulates adrenoeortieotropie hormone (ACTH) seeretion from 
the anterior pituitary, which stimulates eortisol seeretion. 

3. The zona retiotlaris seeretes androgens. In females, androgens stimulate 
axillary and pubic hair growth and sexual drive. 

15.6 Panereas (p. 453) 

1 . The panereas is loeated posterior to the stomaeh along the small intestine. 

2 . The exocrine portion of the panereas eonsists of a complex duct system, 
which ends in small saes, ealled aeini, that produce panereatie digestive 
juices. 

3. The endoerine portion eonsists of the panereatie islets. Eaeh islet is 
eomposed of alpha eells, which seerete glucagon, and beta eells, which 
seerete insulin. 

Effeet of insiilin and Glucagon on TheirTarget Tissues 

1 . Insulin’s target tissues are the liver, adipose tissue, muscle, and the 
satiety eenter in the hypothalamus. The nervous system is not a target 
tissue, but it does rely on blood glucose levels maintained by insulin. 

2 . Insulin inereases the uptake of glucose and amino aeids by eells. 

Glucose is used for energy, stored as glyeogen, or eonverted into fats. 
Amino aeids are used to synthesize proteins. 

3. Low levels of insulin promote the formation of ketone bodies by the liver. 

4. Glucagon’s target tissue is mainly the liver. 

3. Glucagon causes the breakdown of glyeogen to glucose and the 
synthesis of glucose from amino aeids. The liver releases glucose into 
the blood. 

Regulation of Panereatie Hormone Seeretion 

1 . Insulin seeretion inereases because of elevated blood glucose levels, 
an inerease in some amino aeids, parasympathetie stimulation, and 
gastrointestinal hormones. Sympathetie stimulation deereases 
insulin seeretion. 

2 . Glucagon seeretion is stimulated by low blood glucose levels, eertain 
amino aeids, and sympathetie stimulation. 

3. Somatostatin inhibits insulin and glucagon seeretion. 

15.7 Hormonal Regiilation of Nutr ents (p. 456) 

1. After a meal, the following events take plaee. 

■ High glucose levels stimulate insulin seeretion but inhibit glucagon, 
eortisol, GH, and epinephrine seeretion. 

■ Insulin inereases the uptake of glucose, amino aeids, and fats, which 
are used for energy or are stored. 

■ Some time after the meal, blood glucose levels drop. Insulin levels 
deerease and glucagon, GH, eortisol, and epinephrine levels inerease. 
Insulin levels deerease, and glucose is released from tissues. 
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■ The liver releases glucose into the blood, and the use of glucose by 
most tissues, other than nervous tissue, deereases. 

■ Adipose tissue releases fatty aeids and ketones, which most tissues 
use for energy. 

2. During exercise, the following events occur. 

■ Sympathetie aetivity inereases epinephrine and glucagon seeretion, 
causing a release of glucose from the liver into the blood. 

■ Low blood sugar levels, caused by the uptake of glucose by skeletal 
muscles, stimulate epinephrine, glucagon, GH, and eortisol 
seeretion, causing an inerease in fatty aeids and ketones in the 
blood, all of which are used for energy. 

15.8 Testes and Ovaries (p. 456) 

The testes seerete testosterone and the ovaries seerete estrogens and 
progesterone. These are sex hormones, responsible for the development and 
functioning of sexual organs. 

15.9 Pineal Gland (p. 457 ) 

The pineal gland produces melatonin, which ean inhibit reproductive 
maturation and may regulate sleep-wake eyeles. 


15.10 Other Endoerine Organs (p. 458) 

1 . The thymus produces thymosin, which is involved in the development 
of the immune system. 

2 . The gastrointestinal traet produces gastrin, seeretin, and 
eholeeystokinin, which regulate digestive functions. 

3. The kidneys produce erythropoietin, which stimulates red blood eell 
production. 

4. The plaeenta seeretes human ehorionie gonadrotropin, which is 
essential for the maintenanee of pregnaney. 

15.11 Hormonelike Substances <p. 458 ) 

1. Autocrine ehemieal messengers are ehemieals that loeally affeet eells 
producing them or affeet eells of the same type. 

2 . Paraerine ehemieal messengers are ehemieals that loeally affeet eells of a 
different type than the eell producing them. 

15.12 Effeets of Aging on the Endoerine 

System <p. 458 ) 

There is a gradual deerease in the seeretion rate of most, but not all, hormones. 

Some deereases are seeondary to gradual deereases in physieal aetivity. 


Review and eomprehension 


15.1 Overview of the Endoerine 

System (p. 426) 

1. When eomparing the endoerine system and the nervous system, 
generally speaking, the endoerine system 

a. is faster-aeting than the nervous system. 

b. produces effeets that are of shorter duration. 
e. uses amplitude-modulated signals. 

d. produces more loealized effeets. 

e. relies less on ehemieal messengers. 

2 . Given this list of molecule types: 

1 . nucleic aeid derivatives 

2 . fatty aeid derivatives 

3 . polypeptides 

4. proteins 

3 . phospholipids 

Which could be hormone molecules? 

a. 1,2,3 e. 1 , 2 ,3,4 e. 1,2,3,4,3 

b. 2,3,4 d. 2,3,4,5 

3. Which of these regulates the seeretion of a hormone from an endoerine 
tissue? 

a. other hormones 

b. negative-feedbaek meehanisms 

e. nonhormone substance in the blood 

d. the nervous system 

e. all of the above 

4. Hormones are released into the blood 

a. at relatively eonstant levels. 

b. in large amounts in response to a stimulus. 
e. in a eyelie fashion. 

d. all of the above. 


5. Given these observations: 

1. A hormone affeets only a speeifie tissue (not all tissues). 

2. A tissue ean respond to more than one hormone. 

3. Some tissues respond rapidly to a hormone, whereas others take 
many hours to respond. 

Which of these observations ean be explained by the eharaeteristies of 
hormone reeeptors? 

a. 1 e. 2,3 e. 1 , 2,3 

b. 1,2 d. 1,3 

6 . A hormone 

a. ean fimetion as an enzyme. 

b. is also a G protein. 

e. ean bind to a reeeptor. 

d. is an intracellular mediator. 

e. all of the above. 

7. Given these events: 

1. GTP is eonverted to GDP. 

2 . The a subunit separates from the (3 and y units. 

3. GDP is released from the a subunit. 

List the order in which the events occur after a hormone binds to a 
membrane-bound reeeptor. 

a. 1,2,3 e. 2,3,1 e. 3,1,2 

b. 1 , 3,2 d. 3 , 2,1 

8 . Given these events: 

1 . The a subunit of a G protein interaets with Ca 2+ ehannels. 

2 . Calcium ions diffuse into the eell. 

3. The a subunit of a G protein is aetivated. 

Choose the arrangement that lists the events in the order they occur 
after a hormone eombines with a reeeptor on a smooth muscle eell. 

a. 1,2,3 e. 2,1,3 e. 3,2,1 

b. 1 , 3,2 d. 3 , 1,2 
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9. Given these events: 

1. eAMP is synthesized. 

2 . The a subunit of G protein is aetivated. 

3. Phosphodiesterase breaks down eAMP. 

Choose the arrangement that lists the events in the order they occur 
after a hormone binds to a reeeptor. 

a. 1,2,3 e. 2,1,3 e. 3,2,1 

b. 1,3,2 d. 2,3,1 

10. When a hormone binds to a mielear reeeptor, 

a. DNA produces mRNA. 

b. G proteins are aetivated. 

e. the reeeptor—hormone complex causes ion ehannels to open or 
elose. 

d. the eells response is faster than when a hormone binds to a 
membrane-bound reeeptor. 

e. the hormone is usually a large, water-soluble molecule. 

15.2 Pituitary Gland and Hypothalamus (p. 435 ) 

11 . The pituitary gland 

a. develops from the floor of the brain. 

b. develops from the roof of the mouth. 

e. is stimulated by hormones produced in the midbrain. 

d. seeretes only three major hormones. 

e. both a and b. 

12 . The hypothalamohypophyseal portal system 

a. eontains one eapillary bed. 

b. earries hormones from the anterior pituitary to the body. 
e. earries hormones from the posterior pituitary to the body. 

d. earries hormones from the hypothalamus to the anterior pituitary. 

e. earries hormones from the hypothalamus to the posterior pituitary. 

13. Hormones seereted from the posterior pituitary 

a. are produced in the anterior pituitary. 

b. are transported to the posterior pituitary within axons. 
e. include GH and TSH. 

d. are steroids. 

e. all of the above. 

14. Oxytocin is responsible for 

a. preventing milk release from the mammary glands. 

b. preventing goiter. 

e. causing eontraetion of the uterus. 

d. maintaining normal calcium levels. 

e. inereasing metabolie rate. 

13. Growth hormone 

a. inereases the usage of glucose. 

b. inereases the breakdown of lipids. 
e. deereases the synthesis of proteins. 

d. deereases the synthesis of glyeogen. 

e. all of the above. 

15.3 Thyroid Gland (p. 44i) 

16. T 3 and T 4 

a. require iodine for their production. 

b. are made from the amino aeid tyrosine. 

e. are transported in the blood bound to thyroxine-binding globulin. 
d. all of the above. 


17. Which of these eonditions most likely occurs if a healthy person 
reeeives an injeetion of T 3 and T 4 ? 

a. The seeretion rate of TSH deelines. 

b. The person develops symptoms of hypothyroidism. 
e. The person develops hyperealeemia. 

d. The person seeretes more TRH. 

18. Which of these occurs as a response to a thyroideetomy (removal of the 
thyroid gland)? 

a. inereased ealeitonin seeretion e. deereased TRH seeretion 

b. inereased T 3 and T 4 seeretion d. inereased TSH seeretion 

19. Calcitonin 

a. is seereted by the parathyroid glands. 

b. levels inerease when blood calcium levels deerease. 

e. causes blood calcium levels to deerease. 

d. insufficiency results in weak bones and tetany. 

15.4 Parathyroid Glands (p. 446) 

20. If parathyroid hormone levels inerease, which of these eonditions is 
expected? 

a. Osteoelast numbers are inereased. 

b. Calcium absorption from the small intestine is inhibited. 

e. Calcium reabsorption from the urine is inhibited. 

d. Less aetive vitamin D is formed in the kidneys. 

e. All of the above are true. 

15.5 Adrenal Glands (p. 446) 

21 . The adrenal medulla 

a. produces steroids. 

b. has eortisol as its major seeretory product. 
e. deereases its seeretions during exercise. 

d. is formed from a modified portion of the sympathetie division 

of the ANS. 

e. all of the above. 

22. If aldosterone seeretions inerease, 

a. blood potassium levels inerease. 

b. blood hydrogen levels inerease. 
e. aeidosis results. 

d. blood sodium levels deerease. 

e. blood volume inereases. 

23. Glucocorticoids (eortisol) 

a. inerease the breakdown of fats. 

b. inerease the breakdown of proteins. 
e. inerease blood glucose levels. 

d. deerease inflammation. 

e. all of the above. 

24. The release of eortisol from the adrenal cortex is regulated by other 
hormones. Which of these hormones is eorreetly matehed with its 
origin and fimetion? 

a. CRH—seereted by the hypothalamus; stimulates the adrenal cortex 
to seerete eortisol 

b. CRH—seereted by the anterior pituitary; stimulates the adrenal 
cortex to seerete eortisol 

e. ACTH—seereted by the hypothalamus; stimulates the adrenal 
cortex to seerete eortisol 

d. ACTH—seereted by the anterior pitmtary; stimulates the adrenal 
cortex to produce eortisol 
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15.6 Panereas (p. 453) 

25. Within the panereas, the panereatie islets produce 

a. insulin. d. both a and b. 

b. glucagon. e. all of the above. 

e. digestive enzymes. 

26. Insulin inereases 

a. the uptake of glucose by its target tissues. 

b. the breakdown of protein. 
e. the breakdown of fats. 

d. glyeogen breakdown in the liver. 

e. all of the above. 

27. Which of these tissues is least affeeted by insulin? 

a. adipose tissue e. skeletal muscle e. liver 

b. heart d. brain 

28. Glucagon 

a. primarily affeets the liver. 

b. causes glyeogen to be stored. 

e. causes blood glucose levels to deerease. 

d. deereases fat metabolism. 

e. all of the above. 

29. Which of the following stimulates an inerease in insulin seeretion? 

a. deerease in blood sugar levels 

b. inereased seeretion of hormones assoeiated with digestion 
e. inereased sympathetie stimulation of the panereas 

d. inereased epinephrine seeretion 

e. all of the above 

15.7 Hormonal Regulat on of Nutr ents (p. 456) 

30. When blood glucose levels inerease, the seeretion of which of these 
hormones inereases? 

a. glucagon e. GH e. epinephrine 

b. insulin d. eortisol 

15.8 Testes and Ovaries <p. 456) 

31. The hormone testosterone 

a. is produced in large quantities by the ovaries. 

b. causes fat deposition in the hips and thighs. 
e. inereases muscular development. 

d. eontrols the menstrual eyele. 

e. all of the above. 

eritieal Thinking 

1. If the effeet of a hormone on a target tissue is through a membrane- 
bound reeeptor that has a G protein assoeiated with it, prediet the 
consequences if a genetie disease causes the a subunit of the G protein 
to have a structure that prevents it from binding to GTP. 

2. For a hormone that binds to a membrane-bound reeeptor and has 
eAMP as the intracellular mediator, prediet and explain the 
consequences if a drug that strongly inhibits phosphodiesterase is taken. 

3. An inerease in thyroid hormones causes an inerease in metabolie rate. If 
liver disease results in reduced production of the plasma proteins to 
which thyroid hormones normally bind, what is the effeet on metabolie 
rate? Explain. 

4. How ean you determine whether a hormone-mediated response 
resulted from the membrane-bound reeeptor meehanism or the nuclear 
reeeptor meehanism? 


15.9 Pineal Gland (p. 457) 

32. Melatonin 

a. is produced by the posterior pituitary. 

b. production inereases as day length inereases. 

e. inhibits the development of the reproductive system. 

d. inereases GnRH seeretion from the hypothalamus. 

e. deereases the tendeney to sleep. 

15.10 Other Endoerine Organs (p. 458) 

33. The hormone seeretin 

a. plays an important role in the development and maturation of the 
immune system. 

b. is released from the gastrointestinal traet. 

e. aets on red bone marrow to inerease the production of red blood eells. 

d. is essential to the maintenanee of pregnaney. 

15.11 Hormonelike Substances <p. 458) 

34. Which of the following statements about autocrine and paraerine 
agents is true? 

a. They usually have a loeal effeet, but sometimes ean have systemie 
effeets. 

b. They typieally are not produced in diserete endoerine glands. 

e. Paraerine agents affeet different eell types from which the paraerine 
agent is released. 

d. Eieosanoids and prostaglandins are examples of autocrine agents. 

e. All of the above. 

15.12 Effeets of Aging on the Endoerine 

System <p. 458 ) 

33. The production of which hormone does not deerease with age? 

a. growth hormone 

b. melatonin 

e. thyroid hormones 

d. parathyroid hormones 

e. reproductive hormones 

Answers in Appendix E 


3. The hypothalamohypophyseal portal system eonneets the hypothalamus 
with the anterior pimitary. Why is such a speeial circulatory system 
advantageous? 

6 . A patient eomplains of headaehes and visual disturbances. A casual 
glanee reveals that the patient’s finger bones are enlarged in diameter, a 
heavy deposition of bone exists over the eyes, and the patient has a 
prominent jaw. The doetor tells you that the headaehes and visual 
disturbances result from inereased pressure within the skull and that the 
patient is suffering from a pimitary mmor that is affeeting hormone 
seeretion. Name the hormone that is causing the problem, and explain 

the inerease in pressure and the visual dismrbanees. 

7. Suppose that a person has a pituitary gland tumor that causes an 
overproduction of TSH. Would the blood levels of TRH and thyroid 
hormones be normal, higher than normal, or lower than normal? Explain. 
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8 . Most laboratories have the ability to determine blood levels of TSH, 

T 3 , and T 4 . Given that ability, design a method of determining whether 
hyperthyroidism in a patient results from a pituitary abnormality or 
from the production of a nonpimitary thyroid-stimulatory substance. 

9. An anatomy and physiology instructor asks two students to prediet a 
patients response to ehronie vitamin D defieieney. One student elaims that 
the person would suffer from hypoealeemia and the symptoms assoeiated 
with that eondition. The other student elaims that calcium levels would 
remain within their normal range, although at the low end of the range, 
and that bone resorption would occur to the point that advaneed 
osteomalaeia might be seen. With whom do you agree, and why? 

10. Given the ability to measure blood glucose levels, design an experiment 
that distinguishes among a person with diabetes, a healthy person, and 
a person who has a panereatie tumor that seeretes large amounts of 
insulin. 


11. Diabetes mellitus ean result from a laek of insulin, which results in 
hyperglyeemia. Adrenal diabetes and pituitary diabetes also produce 
hyperglyeemia. What hormones produce the last two eonditions? 

12. A patient arrives in an unconscious eondition. A medieal emergeney 
braeelet reveals that he has diabetes. The patient ean be in diabetie 
eoma or insulin shoek. How ean you tell which, and what treatment do 
you reeommend for eaeh eondition? 

13. A patient exhibits polydipsia (thirst), polyuria (excess urine 
production), and urine with a low speeifie gravity (eontains few ions 
and no glucose). If you wanted to reverse the symptoms, would you 
administer insulin or ADH? Explain. 

Answers in Appendix F 
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16.1 Functions and eomposition of Blood 467 




1. List the functions of blood. 

2. Defìne formed elements and plasma. 



Plasma 467 

3. List the eomponents of plasma, and explain their functions. 

Formed Elements 467 

4. Name the three types of formed elements. 

5. Deseribe the origin and production of the formed elements. 

6. Deseribe the structure and function of red blood eells. 

7. Explain how oxygen and earbon dioxide are transported by 
the blood. 

8. Defìne erythropoiesis, and discuss how it is regulated. 

9. Deseribe the removal of damaged or "worn-out" red blood 
eells from the circulation, and deseribe the production and fate 
of bilimbin. 

10. Deseribe the structures and functions of the fìve types of white 
blood eells. 

11. Deseribe the structure, origin, and function of platelets. 

Preventing Blood Loss 475 

12. Explain the role of vascular spasm and platelet plug formation in 
stopping bleeding. 

13. Defìne blood elot and elotting faetors. 

14. Deseribe the extrinsic, intrinsie, and eommon pathways of elot 
formation. 

15. Explain the importanee of the balanee between elotting faetors and 
anticoagulants. 

16. Deseribe how a elot functions in wound healing and how the elot 
is removed. 

Blood Grouping 478 

17. Defìne blood groups and explain how transfusion reaetions occur. 

18. Deseribe the ABO and Rh blood groups. 

19. Deseribe the development and treatment of hemolytie disease of 
the newborn. 


Damage to tissues ean break open blood vessels, resulting in the 
loss of blood. This eolorized seanning eleetron mierograph shows 
a blood elot, which prevents blood loss. The blue partieles are 
platelets, which are aetivated when tissues are damaged. Aetivated 
platelets promote the formation of protein fibers ealled fibrin, 
which are seen here as yellow strands. The fibrin forms a network 
that captures red blood eells (red dises) and prevents their loss 
from the body. 


16.6 Diagnostie Blood Tests 482 

20. Deseribe diagnostie blood tests and the normal values for the tests, 
and give examples of disorders that produce abnormal test values. 
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lntroduction 

H istorieally, many cultures around the world, both 

aneient and modern, shared beliefs in the magieal 
qualities of blood. Blood is eonsidered the “essenee of 
life” because the uncontrolled loss of it ean result in death. 
Blood was also thought to define eharaeter and emotions. Peo- 
ple of a noble bloodline were deseribed as U blue bloods,” 
whereas eriminals were eonsidered to have “bad” blood. It was 
said that anger caused the blood to “boil,” and fear resulted in 
blood a curdling.” The seientifie study of blood reveals eharae- 
teristies as faseinating as any of these fantasies. Blood performs 
many functions essential to life and often ean reveal much 
about our health. 

Cells require eonstant nutrition and waste removal because 
they are metabolieally aetive. The cardiovascular system, which 
eonsists of the heart, blood vessels, and blood, eonneets the 
various tissues of the body. The heart pumps blood through 
blood vessels, and the blood delivers nutrients and pieks up 
waste products. 


16.1 Functions and 

eomposition of Blood 

The heart pumps blood through blood vessels, which extend throughout 
the body. Blood helps maintain homeostasis in several ways: 

1. Transport ofgases, nutrients , and ivasteproducts. Oxygen enters 
blood in the lungs and is earried to eells. Carbon dioxide, 
produced by eells, is earried in the blood to the lungs, from which 
it is expelled. The blood transports ingested nutrients, ions, and 
water from the digestive traet to eells, and the blood transports 
the waste products of eells to the kidneys for elimination. 

2. Transport ofproeessed molecules. Many substances are produced in 
one part of the body and transported in the blood to another part, 
where they are modified. For example, the precursor to vitamin D 
is produced in the skin (see ehapter 5) and transported by the 
blood to the liver and then to the kidneys for proeessing into 
aetive vitamin D. Aetive vitamin D is transported in the blood to 
the small intestines, where it promotes the uptake of calcium. 
Another example is laetie aeid produced by skeletal muscles 
during anaerobie respiration (see ehapter 8). The blood earries 
laetie aeid to the liver, where it is eonverted into glucose. 

3. Transport ofregnlatory molecules. The blood earries many of the 
hormones and enzymes that regulate body proeesses from one 
part of the body to another. 

4. Regulation ofpHand osmosis. Buffers (see ehapter 2), which 
help keep the blood’s pH within its normal limits of 
7.33—7.43, are in the blood. The osmotie eomposition of blood 
is also eritieal for maintaining normal fluid and ion balanee. 

5. Maintenanee ofbody temperature. Blood is involved with body 
temperature regulation because warm blood is transported from 
the interior to the surface of the body, where heat is released 
from the blood. 


6. Proteetion against foreign snbstanees. The eells and ehemieals of 
the blood make up an important part of the immune system, 
proteeting against foreign substances, such as mieroorganisms 
and toxins. 

7. Clot formation. Blood elotting proteets against excessive 
blood loss when blood vessels are damaged. When tissues 
are damaged, the blood elot that forms is also the first step 
in tissue repair and the restoration of normal function 
(see ehapter 4). 

Blood is a type of eonneetive tissue, eonsisting of eells and eell 
fragments surrounded by a liquid matrix. The eells and eell fragments 
are the formed elements, and the liquid is the plasma (plaz'mà, 
something formed). The formed elements make up about 45%, and 
plasma makes up about 55% of the total blood volume (figure 16.1). 
The total blood volume in the average adult is about 4—5 L in 
females and 5—6 L in males. Blood makes up about 8% of the total 
weight of the body. 

1 List the ways that blood helps maintain homeostasis in the body. 

2 Define formedelements and plasma of blood. 

16.2 Plasma 

Plasma is a pale yellow fluid that eonsists of about 91% water; 7% 
proteins; and 2% other substances, such as ions, nutrients, gases, 
and waste products (see figure 16.1 and table 16.1). Plasma pro- 
teins include albumin, globulins, and fibrinogen. Albumin 
(al-bu'min, the white of egg) makes up 58% of the plasma pro- 
teins. Although the osmotie pressure (see ehapter 3) of blood 
results primarily from sodium ehloride, albumin makes an impor- 
tant contribution. The water balanee between blood and tissues is 
determined by the movement of water into and out of the blood 
by osmosis (see cc Capillary Exchange,” ehapter 21 and “Filtration 
Pressure,” ehapter 23). Globulins (glob'u-linz, globule) account 
for 38% of the plasma proteins. Some globulins, such as anti- 
bodies and eomplement, are part of the immune system (see 
ehapter 19). Other globulins and albumin function as transport 
molecules because they bind to molecules, such as hormones (see 
ehapter 15), and earry them in the blood throughout the body. 
Some globulins are elotting faetors, which are neeessary for the 
formation of blood elots. Fibrinogen (fl-brin'ò-jen, fibra, fiber + 
gen, produce) is a elotting faetor that constitutes 4% of plasma 
proteins. Aetivation of elotting faetors results in the eonversion of 
fibrinogen into fibrin (fi'brin), a threadlike protein that forms 
blood elots (see “Blood Ootting,” p. 476). Serum (ser'um, whey) 
is plasma without the elotting faetors. 

3 What are the fiinetions of albumin, globulins, and fibrinogen in 
plasma? What other substances are found in plasma? 

16.3 Formed Elements 

About 95% of the volume of the formed elements eonsists of red 
blood eells (RBCs), or erythroeytes (è-rith'rò-sìtz, erythro-, red + 
kytos, eell). Red blood eells transport oxygen and earbon dioxide. 
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Plasma proteins 


Pereentage by 
volume 
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55% 
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Approximate values for the eomponents of blood in a normal adult. 


Plasma 

(pereentage by vveight) 



Proteins 7% 



Water 

91% 


Other solutes 2% 



Formed elements 

(number per cubic mm) 


Platelets 

250-400 thousand 

White blood eells 
5-10 thousand 


Red blood eells 
4.2-6.2 million 







Albumins 

58% 



Globulins 

38% 


Fibrinogen 

4% 


lons 


Nutrients 


Waste products 



Regulatory 

substances 



White blood eells 


Neutrophils 

60-70% 


Lymphoeytes 

20-25% 


Monoeytes 

3-8% 


Eosinophils 

2-4% 


Basophils 

0.5-1% 


Table 16.1 


eomposition of Plasma 


Plasma Components 

Functions and Examples 

Water 

Aets as a solvent and suspending medium for blood eomponents 

Proteins 

Maintain osmotie pressure (albumin), destroy foreign substances (antibodies and eomplement), transport molecules 
(albumin, globulins), and form elots (fibrinogen) 

lons 

Involved in osmotie pressure (sodium and ehloride ions), membrane potentials (sodium and potassium ions), and 
aeid-base balanee (hydrogen, hydroxide, and biearbonate ions) 

Nutrients 

Source of energy and"building blocks"of more complex molecules (glucose, amino aeids, triglyeerides) 

Gases 

Involved in aerobie respiration (oxygen and earbon dioxide) 

Waste products 

Break down products of protein metabolism (urea and ammonia salts), red blood eells (bilimbin), and anaerobie 
respiration (laetie aeid) 

Regulatory substances 

Catalyze ehemieal reaetions (enzymes) and stimulate or inhibit many body functions (hormones) 

- 


Most of the remaining 5% of the volume of the formed elements 
eonsists of white blood eells (WBCs), or leukocytes (loo'kò-sìtz, 
leuko-, white + kytos, eell). There are five types of white blood eells, 
which are involved in immunity. Platelets (plàt'letz), or thrombo- 


eytes (throm'bò-sltz, thrombo-, elot + kytos, eell) are tiny eell frag- 
ments making a negligible contribution to plasma volume. Platelets 
are involved in blood elotting. Red blood eells are 700 times more 
numerous than white blood eells and 17 times more numerous than 
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Table 16.2 


Formed Elements of the Blood 


CellType 


lllustratíon 


Deseríptíon 


Function 


Red Blood Cell 


White Blood Cells 


Graniiloeytes 

Neutrophi 


Basophil 


Eosinophi 


Agraniiloeytes 

Lymphoeyte 


Monoeyte 








Bieoneave dise; no nucleus; eontains 
hemoglobin, which eolors the eell red; 
7.5 jxm in diameter 


Spherieal eells with a nucleus 


Nucleus with two to five lobes eonneeted 
by thin filaments; eytoplasmie granules 
stain a light pink or reddish-purple; 

10- 12 |xm in diameter 

Nucleus with two indistinet lobes; eytoplasmie 
granules stain blue-purple; 10-12 jxm 
in diameter 

Nucleus often bilobed; eytoplasmie granules 
stain orange-red or bright red; 

11- 14 [xm in diameter 


Round nucleus; eytoplasm forms a thin ring 
around the nucleus; 6-14 jxm in diameter 


Nucleus round, kidney-shaped, or horseshoe- 
shaped; eontains more eytoplasm than 
does lymphoeyte; 12-20 [xm in diameter 


Transports oxygen and earbon dioxide 


Five types of white blood eells, eaeh with speeifie 
functions 


Phagoeytizes mieroorganisms and other 
substances 


Releases histamine, which promotes inflammation, 
and heparin, which prevents elot formation 


Releases ehemieals that reduce inflammation; 
attaeks eertain worm parasites 


Produces antibodies and other ehemieals 
responsible for destroying mieroorganisms; 
contributes to allergie reaetions, graft rejeetion, 
tumor eontrol, and regulation of the immune 
system 

Phagoeytie eell in the blood; leaves the blood 
and beeomes a maerophage, which phagoeytizes 
baeteria, dead eells, eell fragments, and other 
debris within tissues 


Platelet 


Cell fragment surrounded by a plasma 

Forms platelet plugs; releases ehemieals neeessary 


* % 

membrane and eontaining granules; 

for blood elotting 


% 

2-4 |xm in diameter 



platelets. The formed elements of the blood are outlined and illus- 
trated in table 16.2. 

4 Name the three general types of formed elements in the blood and 
state their major functions. 

Production of Formed Elements 

The proeess of blood eell production is ealled hematopoiesis (hé'mà- 
tò-poy-é'sis, hemato-, blood + poiésis , a making). In the fetus, hemato- 
poiesis occurs in several tissues, such as the liver, thymus, spleen, lymph 
nodes, and red bone marrow. After birth, hematopoiesis is eonfined 
primarily to red bone marrow, but some white blood eells are produced 
in lymphatie tissues (see ehapter 19). 

All the formed elements of blood are derived from a single 
population of stem eells ealled hemoeytoblasts. These stem eells dif- 
ferentiate to give rise to different eell lines, eaeh of which ends with 
the formation of a particular type of formed element (figure 16.2). 
The development of eaeh eell line is regulated by speeifie proteins 
ealled growth faetors. That is, the types of formed element derived 
from the stem eells and how many formed elements are produced are 
determined by the growth faetors. 


Stem eells and eaneer Therapy 

Many eaneer therapies attaek dividing eells, such as those found 
in tumors. An undesirable side effeet, however, ean be the destrne- 
tion of nontumor eells that divide rapidly, such as the stem eells and 
their derivatives in red bone marrow. After treatment for eaneer, 
growth faetors are used to stimulate the rapid regeneration of the 
red bone marrow. Although not a treatment for the eaneer itself, the 
use of growth faetors ean speed reeovery from the side effeets of 
eaneer therapy. 

Some types of leukemia and genetie immune defieieney diseases 
ean be treated with a bone marrow transplant eontaining blood stem 
eells. To avoid problems of tissue rejeetion, families with a history of 
these disorders ean freeze the umbilical eord blood of their newborn 
ehildren.The eord blood eontains many stem eells and ean be used 
instead of a bone marrow transplant. 


5 Define hematopoiesis. VVhere does it occur? 

6 VVhat are hemoeytoblasts? VVhat is the function of growth faetors? 
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Figure 16.2 Hematopoiesis ap:r. 

Stem eells give rise to the eell lines that produce the formed elements.The production of red blood eells (far left column) is ealled erythropoiesis. 
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Red blood 
eell 


VVhite blood 
eell 


dise of the same size. The greater stirfaee area inereases the movement 
of gases into and out of the red blood eells. In addition, a red blood 
eell ean bend or fold around its thin eenter, deereasing its size and 
enabling it to pass more easily through small blood vessels. 

During their development, red blood eells lose their nuclei and 
most of their organelles. Consequently, they are unable to divide. Red 
blood eells live for about 120 days in males and 110 days in females. 

7 How does the shape of red blood eells contribute to their ability to 
exchange gases and move through blood vessels? 


Platelet 



7.5 m 


— 2.0 m 

(b) Top view Side view 

Figure 16.3 Formed Elements 

[a) Seanning eleetron mierograph of formed elements: red blood eells [red 
donutshapes), white blood eells ( yellovv ), and platelets (pink, irregular shape). 

[b) Shape and dimensions of a red blood eell. 

Red Blood Cells 

Normal red blood eells are dise-shaped eells with edges that are 
thieker than the eenter of the eell (figure 16.3). The bieoneave shape 
inereases the surface area of the red blood eell, eompared with a flat 



Hemoglobin 

The main eomponent of a red blood eell is the pigmented protein 
hemoglobin (hé-mò-glò' bin, hemo-, blood + globns , a ball), which 
accounts for about a third of the eells volume and is responsible for its 
red eolor. Hemoglobin eonsists of four polypeptide ehains and four heme 
groups. Eaeh polypeptide ehain, ealled a globin (glò'bin), is bound to 
one heme (hém). Eaeh heme is a red-pigment molecule eontaining one 
iron atom (figure 16.4). When hemoglobin is exposed to oxygen, one 
oxygen molecule ean beeome assoeiated with eaeh heme group. When 
most of the hemes are earrying oxygen, blood has a bright red appear- 
anee, as in arterial blood or blood exposed to the air in a wound. When 
the oxygen eontent of blood deereases, as in venous blood, the hemes 
without oxygen cause the blood to appear a darker red eolor. 

Because iron is neeessary for oxygen transport, it is not surprising 
that two-thirds of the bodys iron is found in hemoglobin. Small amounts 
of iron are required in the diet to replaee the small amounts lost in the 
urine and feees. Women need more dietary iron than men do because 
women lose iron as a result of menstruation. Dietary iron is absorbed 
into the circulation from the upper part of the intestinal traet. Stomaeh 
aeid and vitamin C in food inerease the absorption of iron by eonverting 
ferrie iron (Fe 3+ ) to ferrous iron (Fe 2+ ), which is more readily absorbed. 

Hemoglobin transports earbon dioxide, which does not eom- 
bine with the iron atoms but is attaehed to amino groups of the 
globin molecules. 
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Figlire 16.4 Hemoglobin 

[a) Hemoglobin eonsists of four globins and four hemes.There are two alpha (a) globins and two beta (p) globins. A heme is assoeiated with eaeh globin. 

[b) Eaeh heme eontains one iron atom. 
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8 Deseribe the two basie parts of a hemoglobin molecule. Which part is 
assoeiated with iron? What gases are transported by eaeh part? 

Transport of Oxygen and earbon Dioxide 

The primary functions of red blood eells are to transport oxygen from 
the lungs to the various tissues of the body and to assist in the trans- 
port of earbon dioxide from the tissues to the lungs. Approximately 
98.5% of the oxygen in the blood is transported in eombination with 
the hemoglobin in the red blood eells, and the remaining 1.5% is 

dissolved in the water part of the plasma. 

* _ 

earbon Monoxide and Oxygen Transport 

Carbon monoxide is a gas produced by the ineomplete combus- 
tion of hydroearbons, such as gasoline. It binds to the iron in hemo- 
globin about 210 times as readily as does oxygen and does not tend 
to unbind. As a result, the hemoglobin bound to earbon monoxide 
no longer transports oxygen. Nausea, headaehe, unconsciousness, 
and death are possible consequences of prolonged exposure to 
earbon monoxide. 


Carbon dioxide is transported in the blood in three major ways: 
Approximately 7% is transported as earbon dioxide dissolved in the 
plasma, approximately 23% is transported in eombination with hemo- 
globin, and 70% is transported in the form of biearbonate ions. The 
biearbonate ions (HC 03 _ ) are produced when earbon dioxide (C 02 ) 
and water (H 2 O) eombine to form earbonie aeid (H 2 C 0 3 ), which 
dissoeiates to form hydrogen (H + ) and biearbonate ions. The eombi- 
nation of earbon dioxide and water is eatalyzed by an enzyme, 
earbonie anhydrase, which is loeated primarily within red blood eells. 

Carbonic 

anhydrase 

co 2 + h 2 o h 2 co 3 H + + hco 3 

Carbon Water Carbonic Hydrogen Biearbonate 
dioxide aeid ion ion 


9 Give the pereentage for eaeh of the ways that oxygen and earbon 
dioxide are transported in the blood. What is the function of 
earbonie anhydrase? 

Life History of Red Blood eells 

Under normal eonditions, about 2.5 million red blood eells are 
destroyed every seeond. Fortunately, new red blood eells are pro- 
duced as rapidly as old red blood eells are destroyed. The proeess by 
which new red blood eells are produced is ealled erythropoiesis 
(é-rith'rò-poy-é'sis), and the time required for the production of a 
single red blood eell is about 4 days. 

Stem eells form proerythroblasts (prò-è-rith'rò-blastz, pro-, 
before + erythro-, red + blastos, germ), which give rise to the red 
blood eell line (see figure 16.2). Red blood eells are the final eells pro- 
duced from a series of eell divisions. After eaeh eell division, the newly 
formed eells ehange and beeome more like mature red blood eells. For 
example, following one of these eell divisions, the newly formed eells 
manufacture large amounts of hemoglobin. After the final eell division, 


the nucleus is lost from the eells, to produce immature red blood eells 
ealled reticulocytes (re-tik'u-lò-sltz). Reticulocytes are released from 
the red bone marrow into the circulating blood, which normally eon- 
sists of mature red blood eells and 1%—3% reticulocytes. Within 1 to 
2 days, reticulocytes beeome mature red blood eells when the ribo- 
somes responsible for the manufacture of hemoglobin degenerate. 


Prediet 



What does an elevated reticulocyte count indieate? How would the reticulo- 
eyte count ehange during the week after a person had donated a unit (about 
500 mL) of blood? 


The proeess of eell division requires the B vitamins folate and 
B 12 , which are neeessary for the synthesis of DNA (see ehapter 3). 
Iron is required for the production of hemoglobin. Consequently, 
inadequate levels of folate, vitamin B 12 , or iron ean interfere with 
normal red blood eell production. The absorption of ingested vita- 
min B 12 in the small intestine is assisted by the protein intrinsie 
faetor, which is produced in the stomaeh. 

Red blood eell production is stimulated by low blood oxygen 
levels. Typieal causes of low blood oxygen are deereased numbers of 
red blood eells, deereased or defeetive hemoglobin, diseases of the 
lungs, high altitude, inability of the cardiovascular system to deliver 
blood to tissues, and inereased tissue demands for oxygen, such as 
during endurance exercises. 

Low blood oxygen levels inerease red blood eell production by 
inereasing the formation of the glyeoprotein erythropoietin (é-rith- 
rò-poy'é-tin, erythroeyte + poiésis , amaking) bythe kidneys (figure 16.5). 
Erythropoietin stimulates red bone marrow to produce more red blood 
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Figlire 16.5 Red Blood eell Production 

ln response to deereased blood oxygen, the kidneys release erythropoietin into 
the blood.The inereased erythropoietin stimulates red blood eell production in 
the red bone marrow.This proeess inereases blood oxygen levels, restoring 
homeostasis. 
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eells. Thus, when oxygen levels in the blood deerease, the production 
of erythropoietin inereases, which inereases red blood eell production. 
The inereased number of red blood eells inereases the ability of the 
blood to transport oxygen. This meehanism rernrns blood oxygen levels 
to normal and maintains homeostasis by inereasing the delivery of 
oxygen to tissues. Conversely, if blood oxygen levels inerease, less eryth- 
ropoietin is released, and red blood eell production deereases. 


Prediet 



Cigarette smoke produces earbon monoxide. If a nonsmoker smoked a paekof 
eigarettes a day for a few weeks, what would happen to the number of red blood 
eells in the person's blood? Explain. 


Old, abnormal, or damaged red blood eells are removed from 
the blood by maerophages loeated in the spleen and liver (figure 16.6). 
Within the maerophage the globin part of the molecule is broken 
down into amino aeids that are metabolized or reused to produce 
other proteins. The iron released from heme is transported in the 
blood to the red bone marrow and is used to produce new hemoglo- 
bin. Only small amounts of iron are required in the daily diet because 
the iron is reeyeled. The heme molecules are eonverted to bile 
pigments, which are normally taken up by the liver and released into 


the small intestine as part of the bile (see ehapter 21). Bile pigments 
are so named because they give bile its eolor. The main bile pigment 
is bilimbin (bil-i-roo'bin, bili-, bile + mber, red), a yellow pigment 
molecule. After it enters the intestine, bilimbin is eonverted by bae- 
teria into other pigments. Some of these pigments give feees their 
brown eolor, whereas others are absorbed from the intestine into the 
blood, modified by the kidneys, and excreted in the urine, contribut- 
ing to the eharaeteristie yellow eolor of urine. 

Jaundice (jawn'dis, yellow) is a yellowish staining of the skin 
and selerae caused by a buildup of bile pigments in the circulation 
and interstitial fluids. Any proeess that causes inereased destmetion 
of red blood eells ean cause jaundice, such as damage by toxins, 
genetie defeets in red blood eell plasma membranes, infeetions, and 
immune reaetions. Other causes of jaundice include dysfimetion or 
destmetion of liver tissue and bloekage of the duct system that drains 
bile from the liver (see ehapter 21). 

10 Define erythropoiesis. What are proerythroblasts and reticulocytes? 

11 What is erythropoietin, where is it produced, what causes it to be 
produced, and what effeet does it have on red blood eell production? 

12 Where are red blood eells removed from the blood? List the three 
breakdown products of hemoglobin and explain what happens 
to them. 


1. Maerophages break down 
hemoglobin into heme and globin. 

2. The globin ehains of hemoglobin 
are broken down to individual 
amino aeids (pinkarrow) and are 
metabolized or used to build new 
proteins. 

3. Iron is released from the heme of 
hemoglobin. The heme is 
eonverted into bilimbin. 

4. Iron is transported in the blood to 
the red bone marrow and used in 
the production of new hemoglobin 
(green arrows). 

5. Bilimbin (blue arrow) is transported 
in the blood to the liver. 

6. Bilimbin is excreted as part of the 
bile into the small intestine. 

7. Some bilimbin derivatives 
contribute to the eolor of feees. 

8. Other bilimbin derivatives are 
reabsorbed from the intestine into 
the blood and excreted from the 
kidneys in the urine, contributing to 
the eolor of urine. 
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Proeess Figure 16.6 Hemoglobin Breakdown ap r 

Maerophages break down hemoglobin, and the breakdown products are used or excreted. 
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white Blood eells 

White blood eells, or leukocytes, are spherieal eells that laek 
hemoglobin. White blood eells form a thin, white layer of eells 
between plasma and red blood eells when the eomponents of blood 
are separated from eaeh other. They are larger than red blood eells, 
and eaeh has a nucleus (see table 16.2). Although white blood eells 
are eomponents of the blood, the blood serves primarily as a means 
to transport these eells to other tissues of the body. White blood 
eells ean leave the blood and move by ameboid (à-mé'boyd, like an 
ameba) movement through the tissues. In this proeess, the eell pro- 
jeets a eytoplasmie extension that attaehes to an objeet. Then the rest 
of the eell’s eytoplasm flows into the extension. Two functions of 
white blood eells are (1) to proteet the body against invading miero- 
organisms and (2) to remove dead eells and debris from the tissues 
by phagoeytosis. 

Eaeh white blood eell type is named aeeording to its appearanee 
in stained preparations. Those eontaining large eytoplasmie granules 
are granulocytes (gran'u-lò-sltz, granulo-, granular + kytos, eell), 
and those with very small granules that eannot be easily seen with the 
light mieroseope are agramdoeytes (à-gran'u-lò-sltz, a-, without). 

There are three kinds of granulocytes: neutrophils, basophils, 
and eosinophils. Neutrophils (noo'trò-filz, neutro-, neutral + philos , 
loving), the most eommon type of white blood eells, have small 
eytoplasmie granules that stain with both aeidie and basie dyes 
(figure 16.7). Their nuclei are eommonly lobed, with the number of 
lobes varying from two to four. Neutrophils usually remain in the 
blood for a short time (10—12 hours), move into other tissues, and 
phagoeytize mieroorganisms and other foreign substances. 
Neutrophils also seerete ehemieals that promote inflammation and a 
elass of enzymes ealled lysozymes (ll'sò-zlmz), which are eapable of 
destroying eertain baeteria. Pus is an accumulation of dead neutro- 
phils, eell debris, and fluid at sites of infeetions. 

Platelet Red blood eells 


Basophils (bà'sò-filz, baso-, base + philos , loving), the least 
eommon of all white blood eells, eontain large eytoplasmie granules 
that stain blue or purple with basie dyes (see table 16.2). Basophils 
release histamine and other ehemieals that promote inflammation 
(see ehapters 4 and 19). They also release heparin, which prevents 
the formation of elots. 

Eosinophils (é-ò-sin'o-filz, eosin, an aeidie dye + philos, loving) 
eontain eytoplasmie granules that stain bright red with eosin, an aeidie 
stain. Many have a two-lobed nucleus (see table 16.2). Eosinophils 
release ehemieals that kill multicellular parasites, which are too large to 
be ingested and killed by phagoeytosis. They also release ehemieals that 
promote inflammation. inereased numbers of eosinophils is a eharae- 
teristie of ehronie allergie inflammation, such as occurs in asthma. 

There are two kinds of agranulocytes: lymphoeytes and mono- 
eytes. Lymphoeytes (lim'fò-sìtz, lympho-, lymph + kytos, eell) are 
the smallest of the white blood eells (see figure 16.7). The eytoplasm 
of lymphoeytes eonsists of only a thin, sometimes impereeptible ring 
around the nucleus. Lymphoeytes originate in red bone marrow and 
migrate through the blood to lymphatie tissues, where they ean pro- 
liferate and produce more lymphoeytes. There are several types of 
lymphoeytes, and they play an important role in immunity (see 
ehapter 19). For example, B eells ean be stimulated by baeteria or toxins 
to divide and form eells that produce proteins ealled antibodies. 
Antibodies ean attaeh to baeteria and aetivate meehanisms that result 
in the destmetion of the baeteria. T eells proteet against virnses and 
other intracellular mieroorganisms by attaeking and destroying the 
eells in which they are found. In addition, T eells are involved in the 
destmetion of tumor eells and tissue graft rejeetions. 

Monoeytes (mon'ò-sìtz, mono-, one + kytos, eell) are the larg- 
est of the white blood eells (see table 16.2). After they leave the blood 
and enter tissues, monoeytes enlarge and beeome maerophages 
(mak'rò-fà-jez, maero-, large + phagó, to eat), which phagoeytize 
baeteria, dead eells, eell fragments, and any other debris within the 
tissues. An inerease in the number of monoeytes is often assoeiated 
with ehronie infeetions. Monoeytes also release ehemieals that pro- 
mote inflammation. In addition, maerophages ean proeess and pre- 
sent phagoeytized foreign substances to lymphoeytes, which results in 
aetivation of the lymphoeytes (see ehapter 19). 

13 What are the two major functions of white blood eells? Deseribe 
ameboid movement. 

14 Deseribe the morphology of the five types of white blood eells. 

15 Name the two white blood eells that function primarily as phagoeytie 
eells. Define lysozymes. 

16 Which eells promote inflammation? 

17 B and T eells are examples of what type of white blood eell? How do 
these eells proteet against baeteria and viruses? 


Lymphoeyte Neutrophil 


White blood eells 

Figlire 16.7 Standard Blood Smear 

A thin fìlm of blood is spread on a mieroseope slide and stained.The white 
blood eells have pink-eolored eytoplasm and purple-colored nuclei.The red 
blood eells do not have nuclei.The eenter of a red blood eell appears whitish 
because light more readily shines through the thin eenter of the dise than 
through the thieker edges.The platelets are purple eell fragments. 


Prediet 



Based on their morphology, identify eaeh of the white blood eells shown in 
figure 16.8. 


Platelets 

Platelets (plàt'letz), or thromboeytes (throm'bò-sltz), are minute 
fragments of eells, eaeh eonsisting of a small amount of eytoplasm 
surrounded by a eell membrane (see figure 16.7). They are produced 
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(a) (b) (c) 

Figlire 16.8 Identifieation of White Blood eells _apr 

See Prediet question 3. 




in the red bone marrow from megakaryoeytes (meg-à-kar' é-ò-sítz, 
mega-, large + karyon, nucleus + kytos, eell), which are large eells (see 
figure 16.2). Small fragments of these eells break off and enter the 
blood as platelets, which play an important role in preventing blood 
loss. This prevention is aeeomplished in two ways: (1) the formation of 
platelet plugs, which seal holes in small vessels, and (2) the formation 
of elots, which help seal off larger wounds in the vessels. 

18 What is a platelet? How are platelets formed? 

19 What are the two major roles of platelets in preventing blood loss? 

16.4 Preventing Blood Loss 

When a blood vessel is damaged, blood ean leak into other tissues and 
interfere with normal tissue fiinetion, or blood ean be lost from the body. 
A small amount of blood loss from the body ean be tolerated, and new 
blood is produced to replaee it. If a large amount of blood is lost, death 
ean occur. Formnately, when a blood vessel is damaged, vascular spasm, 
platelet plug formation, and blood elotting minimize the loss of blood. 

Vaseiilar Spasm 

Vascular spasm is an immediate but temporary eonstrietion of a 
blood vessel resulting from a eontraetion of smooth muscle within 


the wall of the vessel. This eonstrietion ean elose small vessels eom- 
pletely and stop the flow of blood through them. Damage to blood 
vessels ean aetivate nervous system reflexes that cause vascular 
spasms. Chemicals also produce vascular spasms. For example, plate- 
lets release thromboxanes (throm'bok-zànz), which are derived from 
eertain prostaglandins, and endothelial (epithelial) eells lining blood 
vessels release the peptide endothelin (en-dò'thé-lin). 

20 What is a vascular spasm? Name two faetors that produce it. What is 
the source of thromboxanes and endothelin? 

Platelet Plugs 

A platelet plug is an accumulation of platelets that ean seal up a small 
break in a blood vessel. Platelet plug formation is very important in 
maintaining the integrity of the circulatory system because small tears 
occur in the smaller vessels and eapillaries many times eaeh day, and 
platelet plug formation quickly eloses them. People who laek the nor- 
mal number of platelets tend to develop numerous small hemorrhages 
in their skin and internal organs. 

The formation of a platelet plug ean be deseribed as a series of 
steps, but in actuality many of these steps occur at the same time. 
Platelet adhesion results in platelets stieking to eollagen exposed 
by blood vessel damage (figure 16.9, step 1). Most platelet 


1. Platelet adhesion occurs when 
von Willebrand faetor eonneets 
exposed eollagen to platelets. 

2. The platelet release reaetion results 
in the release of ADP, thromboxanes, 
and other ehemieals that aetivate other 
platelets. 

3. Platelet aggregation occurs when 
fibrinogen reeeptors on aetivated 
platelets bind to fibrinogen, eonneeting 
the platelets to one another. A platelet 
plug is formed by the accumulating 
mass of platelets. 
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Aetivated platelets express phos- 
pholipids (platelet faetor III) and elotting 
faetorV, which are important in elotformation 
(see "Blood eiotting," on this page). Without 
aetivated platelets, blood elotting is impaired. 

Eieosanoids (I-kó'sà-noydz, eieosa-, twenty 
+ eidos , form) are a group of related eom- 
pounds derived from 20-earbon essential 
fatty aeids. Examples of eieosanoids are 
prostaglandins, thromboxanes, and leukotri- 
enes. In humans, araehidonie aeid is the most 
eommon precursor molecule for the eieo- 
sanoids. The enzyme cyclooxygenase (COX) 
eonverts araehidonie aeid into a prostaglan- 
din that ean be eonverted into thrombox- 
ane. Aspirin inhibits COX, which inhibits 
prostaglandin synthesis and therefore throm- 
boxane synthesis. As a result, aspirin reduces 
platelet aetivation. 

If an expectant mother ingests aspirin 
near the end of pregnaney, thromboxane 
synthesis is inhibited and several effeets are 

i _ 


importanee of Aetivating Platelets 

possible. The mother ean experience exces- 
sive bleeding after delivery because of 
deereased platelet function, and the baby 
ean exhibit numerous loealized hemor- 
rhages ealled peteehiae (pe-té'ké-é) over 
the surface of its body as a result of deereased 
platelet function. If the quantity of ingested 
aspirin is large, the infant, the mother, or 
both may die as a result of hemorrhage. 

Platelet plug and elot formation ean 
cause the bloekage of blood vessels, produc- 
ing heart attaeks and strokes. Suspected 
heart attaek vietims are routinely given aspi- 
rin en route to the emergeney room as part of 
their treatment.The llnited States Preventive 
Serviees Task Foree (LJSPSTF) and the Ameri- 
ean Heart Assoeiation (AHA) reeommend 
low-dose aspirin therapy (75-160 mg/day) 
for the prevention of cardiovascular disease 
for all men and women at high risk for ear- 
diovascular disease. Determining high risk 
involves analyzing many risk faetors and 



should be done in consultation with a physi- 
eian. Deereased risk for cardiovascular dis- 
ease from aspirin therapy must be weighed 
against the inereased risk for hemorrhagie 
stroke and gastrointestinal bleeding. Risk 
faetors for cardiovascular disease include 
age (men over 40 and postmenopausal 
women), high blood eholesterol levels, high 
blood pressure, a history of smoking, diabe- 
tes, a family history of cardiovascular disease, 
and a previous elotting event, such as a heart 
attaek, a transient isehemie attaek, or an 
occlusive stroke. 

Plavix (elopidogrel bisulfate) reduces the 
aetivation of platelets by bloeking the ADP 
reeeptors on the surfaces of platelets. It is used 
to prevent elotting and, along with other anti- 
elotting drugs, to treat heart attaeks. 



ANATOMY & PHYSIOLOGY 



adhesion is mediated through von Willebrand faetor, which is a 
protein produced, stored, and released by blood vessel endothelial 
eells. von Willebrand faetor forms a bridge between eollagen and 
platelets by binding to platelet surface reeeptors and eollagen. 
After platelets adhere to eollagen, they beeome aetivated, ehange 
shape, and release ehemieals. In the platelet release reaetion, 
platelets release ehemieals, such as adenosine diphosphate (ADP) 
and thromboxane (figure 16.9, step 2). ADP and thromboxane 
bind to their respeetive reeeptors on the surfaces of platelets, 
resulting in the aetivation of the platelets. These aetivated platelets 
also release ADP and thromboxanes, which aetivates more plate- 
lets. Thus, a easeade of ehemieal release aetivates many platelets. 
As platelets beeome aetivated, they express surface reeeptors ealled 
fibrinogen reeeptors, which ean bind to fibrinogen, a plasma 
protein. In platelet aggregation, fibrinogen forms bridges between 
the fibrinogen reeeptors of numerous platelets, resulting in the 
formation of a platelet plug (figure 16.9, step 3). 

21 What is the function of a platelet plug? Deseribe the proeess of 
platelet plug formation. 

Blood eiotting 

Vascular spasms and platelet plugs alone are not sufficient to elose 
large tears or cuts. When a blood vessel is severely damaged, blood 
elotting, or coagulation (kò-ag-u-là'shun), results in the formation 


of a blood elot. A blood elot is a network of threadlike protein fibers, 
ealled fibrin, that traps blood eells, platelets, and fluid (see ehapter 

opener, p. 466). 

The formation of a blood elot depends on a number of proteins, 
ealled elotting faetors. Most elotting faetors are manufactured in the 
liver, and many of them require vitamin K for their synthesis. In 
addition, many of the ehemieal reaetions of elot formation require 
Ca 2+ and the ehemieals released from platelets. Low levels of vitamin K, 
low levels of Ca 2+ , low numbers of platelets, or reduced synthesis of 
elotting faetors because of liver dysfimetion ean seriously impair the 
blood-elotting proeess. 



Sources of vitamin K 

Humans rely on two sources of vitamin K. About half eomes 
from the diet, half from baeteria within the large intestine. 
Antibioties taken to fight baeterial infeetions sometimes kill these 
intestinal baeteria, reducing vitamin K levels and resulting in 
bleeding problems. Vitamin K supplements may be neeessary for 
patients on prolonged antibiotie therapy. Newborns laek these 
intestinal baeteria, and a vitamin K injeetion is routinely given 
to infants at birth. Infants ean also obtain vitamin K from food, 
such as milk. 
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1. The extrinsic pathway starts with 
thromboplastin, which is released 
outside the plasma in damaged 
tissue. 

2. The intrinsie pathway starts when 
inaetive faetor XII, which is in the 
plasma, is aetivated by eoming 
into eontaet with a damaged blood 
vessel. 


3. Aetivation of the extrinsic or intrinsie 
pathway results in the production of 
aetivated faetor X, which is the 
beginning of the eommon pathway. 


4. Aetivated faetor X, faetor V, 
phospholipids, and Ca 2+ form 
prothrombinase. 


5. Prothrombinase eonverts 
prothrombin to thrombin. 


6. Thrombin eonverts fibrinogen to 
fibrin (the elot). 


7. Thrombin aetivates elotting faetors, 
promoting elot formation and 
stabilizing the fibrin elot. 
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Proeess Figure 16.10 eiot Formation 

ln a sequence of ehemieal reaetions, aetivated coagulation faetors ( vvhiteovals ) aetivate inaetive coagulation faetors ( yellovvovals ). Clot formation begins through the 
extrinsic or intrinsie pathway.The eommon pathway starts with faetor X and results in a fibrin elot. 


Normally, the elotting faetors are in an inaetive state and do not 
cause elotting. After injury, the elotting faetors are aetivated to pro- 
duce a elot. The aetivation of elotting proteins begins with the 
extrinsic and intrinsie pathways (figure 16.10). These pathways eon- 
verge to form the eommon pathway, which results in the formation 
of a fibrin elot. 

Extrinsic Pathvvay 

The extrinsic pathway is so named because it begins with ehemieals 
that are outside of, or extrinsic to, the blood (see figure 16.10). 
Damaged tissues release a mixture of lipoproteins and phospholipids 
ealled thromboplastin (throm-bó-plas'tin), also known as tissue 
faetor (TF), or faetor III. Thromboplastin, in the presenee of Ca 2+ , 
forms a complex with faetor VII, which aetivates faetor X, which is 
the beginning of the eommon pathway. 

Intrinsie Pathvvay 

The intrinsie pathway is so named because it begins with ehemieals 
that are inside, or intrinsie to, the blood (see figure 16.10). 


Damage to blood vessels ean expose eollagen in the eonneetive 
tissue beneath the endothelium lining the blood vessel. When 
plasma faetor XII eomes into eontaet with eollagen, faetor XII is 
aetivated and it stimulates faetor XI, which in turn aetivates faetor 
IX. Aetivated faetor IX joins with faetor VIII, platelet phos pho- 
lipids, and Ca 2+ to aetivate faetor X, which is the beginning of the 
eommon pathway. 

eommon Pathvvay 

On the surface of platelets, aetivated faetor X, faetor V, platelet 
phospholipids, and Ca 2+ eombine to form prothrombinase. Pro- 
thrombinase eonverts the soluble plasma protein prothrombin into 
the enzyme thrombin. Thrombin eonverts the soluble plasma protein 
fibrinogen into the insoluble protein fibrin. Fibrin forms the fibrous 
network of the elot. 

At eaeh step of the elotting proeess, eaeh elotting faetor aeti- 
vates many additional elotting faetors. Consequently, a large quan- 
tity of elotting faetors are aetivated, resulting in the formation of 
a elot. 
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22 What is a blood elot and what is its function? 

23 What are blood elotting faetors? Where are most of them produced? 
How is vitamin K involved? 

24 How do the extrinsic and intrinsie pathways begin? With what 
elotting faetor do they end? 

25 Starting with the formation of prothrombinase, deseribe the events 
that result in elot formation. 


eontrol of eiot Formation 

Without eontrol, elotting would spread from the point of its initiation 
throughout the entire circulatory system. The blood eontains several 
anticoagulants (an' té-kò-ag' u-lantz), which prevent elotting faetors 
from forming elots. Antithrombin (an-té-throm'bin) and heparin 
(hep'à-rin), for example, inaetivate thrombin. Without thrombin, 
fibrinogen is not eonverted to fibrin, and no elot forms. Normally, 
there are enough anticoagulants in the blood to prevent elot formation. 
At an injury site, however, the aetivation of elotting faetors is very 
rapid. Enough elotting faetors are aetivated that the anticoagulants ean 
no longer prevent a elot from forming. Away from the injury site there 
are enough anticoagulants to prevent elot formation from spreading. 

The Danger of Unwanted eiots 

When platelets encounter damaged or diseased areas of blood 
vessels or heart walls, an attaehed elot, ealled a thrombus 
(throm'bus), ean form. A thrombus that breaks loose and begins to 
float through the circulation is ealled an embolus (em'bò-liis). Both 
thrombi and emboli ean result in death ifthey blockvesselsthatsup- 
ply blood to essential organs, such as the heart, brain, or lungs. 
Abnormal blood elotting ean be prevented or hindered by the injee- 
tion of anticoagulants, such as heparin, which aets rapidly. Coumadin 
(koo'mà-din), or warfarin (war'fà-rin), aets more slowly than heparin. 
Warfarin prevents elot formation by suppressing the production of 
vitamin K-dependent elotting faetors by the liver. 


26 What is the function of anticoagulants in the blood? How do 
antithrombin and heparin prevent elot formation? 

27 Define thrombus and embolus, and explain why they are dangerous. 


Clot Retraetion and Fibrinolysis 

After a elot has formed, it begins to eondense into a more eompaet 
structure by a proeess known as elot retraetion. Platelets eontain the 
eontraetile proteins aetin and myosin, which operate in a fashion similar 
to that of the aetin and myosin in muscle (see ehapter 8). Platelets form 
small extensions that attaeh to fibrin through surface reeeptors. 
Contraction of the extensions pulls on the fibrin and is responsible for 
elot retraetion. Serum (sér'fim), which is plasma without the elotting 
faetors, is squeezed out of the elot during elot retraetion. 

Retraetion of the elot pulls the edges of the damaged blood ves- 
sel together, helping stop the flow of blood, reducing the probability 
of infeetion, and enhaneing healing. The damaged vessel is repaired 
by the movement of fibroblasts into the damaged area and the forma- 
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1. Thrombin and tissue plasminogen aetivator eonvert inaetive 
plasminogen into plasmin. 

2. Plasmin breaks down the fibrin in a blood elot, resulting in elot 
fibrinolysis. 

Proeess Figiire 16.11 Fibrinolysis 


tion of new eonneetive tissue. In addition, epithelial eells around the 
wound divide and fill in the torn area (see ehapter 4). 

Clots are dissolved by a proeess ealled fibrinolysis (fì-bri-nol'-i- 
sis, fibrino-, fiber- + lysis, dissolution) (figure 16.11). Plasminogen 
(plaz-min'ò-jen, plasmin- + gen, produce) is an inaetive plasma pro- 
tein produced by the liver. Thrombin, other elotting faetors aetivated 
during elot formation, and tissue plasminogen aetivator (t-PA) 
released from surrounding tissues ean stimulate the eonversion of 
plasminogen to its aetive form, plasmin (plaz'min). Over a period of 
a few days, plasmin slowly breaks down the fibrin. 


Dissolving eiots 

A heart attaek ean result from bloekage by a elot of blood vessels 
that supply blood to the heart. One treatment for a heart attaek is to 
injeet into the blood ehemieals that aetivate plasmin. llnlike aspirin 
and anticoagulant therapies, which are used to prevent heart 
attaeks, the strategy in using plasmin aetivators is to dissolve the elot 
quickly and restore blood flow to eardiae muscle, thus reducing 
damage to tissues. Streptokinase (strep-tò-kln'às), a baeterial 
enzyme, and t-PA, produced through genetie engineering, have 
been used successfully to dissolve elots. 


28 Deseribe elot retraetion. What is serum? 

29 What is fibrinolysis? How does it occur? 


16.5 Blood Groiiping 

If large quantities of blood are lost during surgery or in an aeeident, 
a person ean go into shoek and die unless a transfusion or an infu- 
sion is performed. A transfusion is the transfer of blood or blood 
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eomponents from one individual to another. When large quantities 
of blood are lost, red blood eells must be replaeed so that the blood’s 
oxygen-carrying eapaeity is restored. An infusion is the introduc- 
tion of a fluid other than blood, such as a saline or glucose solution, 
into the blood. In many eases, the return of blood volume to normal 
levels is all that is neeessary to prevent shoek. Eventually, the body 
produces red blood eells to replaee those that were lost. 

Early attempts to transfuse blood were often unsuccessful 
because they resulted in transfusion reaetions, which included the 
clumping of blood eells, rupture of blood eells, and elotting within 
blood vessels. It is now known that transfusion reaetions are caused 
by interaetions between antigens and antibodies (see ehapter 19). In 
brief, the surfaces of red blood eells have molecules ealled antigens 
(an'ti-jenz, anti-, body + -gen, producing), and the plasma has pro- 
teins ealled antibodies (an'te-bod-éz, anti-, against + body, a thing). 
Antibodies are very speeifie, meaning that eaeh antibody ean eom- 
bine only with a eertain antigen. When the antibodies in the plasma 
bind to the antigens on the surface of the red blood eells, they form 
molecular bridges that eonneet the red blood eells together. As a 
result, agglutination (à-gloo-ti-nà'shiin, ad, to + glnten, glue), or 
clumping of the eells, occurs. The eombination of the antibodies 
with the antigens also ean initiate reaetions that cause hemolysis 
(hé-mol'i-sis, hemo-, blood + lysis, destruction), or rupture of the 
red blood eells. The debris formed from the ruptured red blood eells 
ean trigger elotting within small blood vessels. As a result of these 
ehanges, tissue damage and death ean occur. 

The antigens on the surface of red blood eells have been eatego- 
rized into blood groups. Although many blood groups are reeog- 
nized, the ABO and Rh blood groups are the most important for 
transfusion reaetions. 


30 Define transfiision, infusion, and transfiision reaetion. 

31 What are antigens and antibodies? How do they cause agglutination, 
hemolysis, and blood elotting? 

32 What are blood groups? 

ABO Blood Group 

The ABO blood group system is used to eategorize human blood. 
ABO antigens appear on the surface of the red blood eells. Type A 
blood has type A antigens, type B blood has type B antigens, type AB 
blood has both types of antigens, and type O blood has neither A nor 
B antigens (figure 16.12). In addition, plasma from type A blood eon- 
tains anti-B antibodies, which aet against type B antigens, whereas 
plasma from type B blood eontains anti-A antibodies, which aet 
against type A antigens. Type AB blood has neither type of antibody, 
and type O blood has both anti-A and anti-B antibodies. 

The ABO blood types are not found in equal numbers. In 
Caucasians in the United States, the distribution is type O, 47%; 
type A, 41%; type B, 9%; and type AB, 3%. Among Afriean- 
Amerieans the distribution is type O, 46%; type A, 27%; type B, 
20%; and type AB, 7%. 

Antibodies do not normally develop against an antigen unless 
the body is exposed to that antigen. One possible explanation for the 
production of anti-A and/or anti-B antibodies is that type A or B 
antigens on baeteria or food in the digestive traet stimulate the for- 
mation of antibodies against antigens that are different from one’s 
own antigens. In support of this explanation is the observation that 
anti-A and anti-B antibodies are not found in the blood until about 
2 months after birth. For example, an infant with type A blood 
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Figlire 16.12 ABO Blood Groups 

For simplieity, only parts of the anti-A and anti-B antibodies are illustrated. Eaeh antibody hasfive identieal, Y-shaped arms (see IgM in ehapter 19). 
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produces anti-B antibodies against the B antigens on baeteria or 
food. An infant with A antigens does not produce antibodies against 
the A antigen on baeteria or food because meehanisms exist in the 
body to prevent the production of antibodies that would reaet with 
the body’s own antigens (see ehapter 19). 

A donor is a person who gives blood, and a reeipient is a person 
who reeeives blood. Usually, a reeipient ean reeeive blood from a 
donor if they both have the same blood type. For example, a person 
with type A blood ean reeeive blood from a person with type A 
blood. There is no ABO transfusion reaetion because the reeipient 
has no anti-A antibodies against the type A antigen. On the other 
hand, if type A blood were donated to a person with type B blood, a 
transfusion reaetion would occur because the person with type B 
blood has anti-A antibodies against the type A antigen, and aggluti- 
nation would result (figure 16.13). 

Historieally, people with type O blood have been ealled univer- 
sal donors because they usually ean give blood to the other ABO 
blood types without causing an ABO transfusion reaetion. Their red 
blood eells have no ABO surface antigens and, therefore, do not reaet 
with the reeipient’s anti-A or anti-B antibodies. For example, if type 
O blood is given to a person with type A blood, the type O red blood 
eells do not reaet with the anti-B antibodies in the reeipient’s blood. 
In a similar fashion, if type O blood is given to a person with type B 
blood, there is no reaetion with the reeipient’s anti-A antibodies. 

The term universal donor is misleading, however. There are two 
ways in which the transfusion of type O blood ean produce a transfu- 
sion reaetion. First, mismatehing blood groups other than the ABO 
blood group ean cause a transfiision reaetion. Seeond, antibodies in 
the donor’s blood ean reaet with antigens in the reeipient’s blood. For 
example, type O blood has anti-A and anti-B antibodies. If type O 


blood is transfused into a person with type A blood, the anti-A 
antibodies (in the type O blood) reaet against the A antigens (on the 
red blood eells in the type A blood). Usually such reaetions are not 
serious because the antibodies in the donor’s blood are diluted in the 
large volume of the reeipient’s blood, and few reaetions take plaee. 

Blood banks separate donated blood into several products, such 
as paeked red blood eells; plasma; platelets; and eryopreeipitate, which 
eontains von Willebrand faetor, elotting faetors, and fibrinogen. This 
proeess allows the donated blood to be used by multiple reeipients, 
eaeh of whom may need only one of the blood eomponents. Type O 
paeked red blood eells are unlikely to cause an ABO transfiision reae- 
tion when given to a person with a different blood type because it has 
very little plasma with anti-A and anti-B antibodies. 

33 What kinds of antigens and antibodies are found in eaeh of the four 
ABO blood types? 

34 Why is a person with type 0 blood eonsidered to be a universal donor? 




Historieally, people with type AB blood were ealled universal reeipients. What 
is the rationale for this term? Explain why the term is misleading. 


Rh Blood Group 

Another important blood group is the Rh blood group, so named 
because it was first studied in the rhesus monkey. People are 
Rh-positive if they have a eertain Rh antigen (the D antigen) on the 
surface of their red blood eells, and people are Rh-negative if they do 
not have this Rh antigen. In the United States, about 83% of 
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Figure 16.13 Agglutination Reaetion 

For simplieity, only parts of the anti-A and anti-B antibodies are illustrated. Eaeh antibody hasfive identieal, Y-shaped arms (see IgM in ehapter 19). 
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Caucasians and 95% of Afriean-Amerieans are Rh-positive. The ABO 
blood type and the Rh blood type usually are designated together. For 
example, a person designated as A positive is type A in the ABO blood 
group and Rh-positive. The rarest eombination in the United States is 
AB negative, which occurs in less than 1% of all Amerieans. 

Antibodies against the Rh antigens do not develop unless an 
Rh-negative person is exposed to Rh-positive red blood eells. This 
ean occur through a transfusion or by the transfer of blood aeross 
the plaeenta to a mother from her fetus. When an Rh-negative 
person reeeives a transfusion of Rh-positive blood, the reeipient 
beeomes sensitized to the Rh antigens and produces anti-Rh anti- 
bodies. If the Rh-negative person is unfortunate enough to reeeive 
a seeond transfusion of Rh-positive blood after beeoming sensi- 
tized, a transfusion reaetion results. 


Rh ineompatibility ean pose a major problem in some pregnan- 
eies when the mother is Rh-negative and the fetus is Rh-positive. If 
fetal blood leaks through the plaeenta and mixes with the mother’s 
blood, the mother beeomes sensitized to the Rh antigen (figure 16.14). 
The mother produces anti-Rh antibodies that eross the plaeenta and 
cause agglutination and hemolysis of fetal red blood eells. This disorder 
is ealled hemolytie (hé-mò-lit'ik) disease of the newborn (HDN), or 
erythroblastosis fetalis (e"-rith'rò-blas-tò'sis fé-ta'lis), and it ean be 
fatal to the fetus. In the mother’s first pregnaney, there is often no 
problem. The leakage of fetal blood is usually the result of a tear in the 
plaeenta that takes plaee either late in the pregnaney or during delivery. 
Thus, there is not enough time for the mother to produce enough anti- 
Rh antibodies to harm the fetus. If sensitization occurs, however, it ean 
cause problems in a subsequent pregnaney in two ways. First, onee a 
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2. The mother is sensitized to the Rh 
antigen and produces anti-Rh 
antibodies. Because this usually 
happens after delivery, there is no 
effeet on the fetus in the first 
pregnaney. 


3. During a subsequent pregnaney with an 
Rh-positive fetus, if Rh-positive red blood 
eells eross the plaeenta and enter the 
maternal circulation, they ean stimulate 
the mother to produce antibodies against 
the Rh antigen. Antibody production is 
rapid because the mother has been 
sensitized to the Rh antigen. 


4. The anti-Rh antibodies from the mother 
eross the plaeenta, causing agglutination 
and hemolysis of fetal red blood eells, and 
hemolytie disease of the newborn (HDN) 
develops. 
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Figlire 16.14 Hemolytie Disease of the Newborn (HDN) 
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woman is sensitized and produces anti-Rh antibodies, she may eon- 
tinue to produce the antibodies throughout her life. Thus, in a subse- 
quent pregnaney, anti-Rh antibodies may already be present. Seeond, 
and espeeially dangerous in a subsequent pregnaney with an Rh-positive 
fetus, if any leakage of fetal blood into the mother’s blood occurs, she 
rapidly produces large amounts of anti-Rh antibodies, and HDN 
develops. Therefore, the levels of anti-Rh antibodies in the mother 
should be tested. If they are too high, the fetus should be tested to 
determine the severity of the HDN. In severe eases, a transfusion to 
replaee lost red blood eells ean be performed through the umbilical 
eord, or the baby ean be delivered if mature enough. 

Prevention of HDN is often possible if the Rh-negative mother 
is given an injeetion of a speeifie type of antibody preparation, ealled 
Rh 0 (D) immune globulin (RhoGAM). The injeetion ean be given 
during the pregnaney, before delivery, or immediately after eaeh deliv- 
ery, misearriage, or abortion. The injeetion eontains antibodies against 
Rh antigens. The injeeted antibodies bind to the Rh antigens of any 
fetal red blood eells that may have entered the mother’s blood. This 
treatment inaetivates the fetal Rh antigens and prevents sensitization 
of the mother. However, if sensitization of the mother has already 
occurred, the treatment is ineffeetive. 

35 Define Rh-positive. 

36 What Rh blood types must the mother and fetus have before HDN 
ean occur? How is HDN harmful to the fetus? 

37 Deseribe the events that lead to the development of HDN. Why 
doesn't HDN usually develop in the first pregnaney? 

38 How ean HDN be prevented? 


CASE STIIDY Treatment of Hemolytie 

Disease of the Newborn 


Billy was born with HDN. He was treated with exchange transfusion, 
phototherapy, and erythropoietin. An exchange transfusion replaeed 
Billy's blood with donor blood. In this procedure, as the donor's 


blood was transfused into 


blood was withdrawn. 


Phototherapy, in which blood passing through the skin is exposed to 
blue or white lights, results in the breakdown of bilirubin to less toxic 
compounds that are removed by the newborn's liver. During fetal 
development, the inereased rate of red blood eell destruction 
caused by the mother's anti-Rh antibodies results in lower-than- 
normal numbers of red blood eells, a eondition ealled anemia 
(á-né'mé-à). It also results in inereased levels of bilirubin. Although 
high levels of bilirubin ean damage the brain by killing nerve eells, 
this is not usually a problem in the fetus because the bilirubin is 
removed by the plaeenta. Following birth, bilimbin levels ean 
inerease because of the continued lysis of red blood eells and the 
inability of the newborn's liver to handle the large bilirubin load. 


Prediet 


5 


Answer the following questions about Billy's treatment for HDN. 

a. What was the purpose of giving Billy a transfusion? 

b. What was the benefit of an exchange transfusion? 


e. Explain the reason for giving Billy erythropoietin. 

d. Just before birth, would Billy's erythropoietin levels have been 
higher or lower than those of a fetus without HDN? 

e. After birth, but before treatment, would Billy's erythropoietin levels 
have inereased or deereased? 

f. When treating HDN with an exchange transfusion, shonld the 
donor's blood be Rh-positive or Rh-negative? Explain. 

g. Does giving an Rh-positive newborn a transfusion of 
Rh-negative blood ehange the newborn's blood type? Explain. 



16.6 Diagnostie Blood Tests 

eompatib I ty Tests 

Tfie ABO-Rh blood type, antibody sereen, and erossmateh are 
eompatibility tests, which are procedures designed to prevent 
transfusion reaetions. The International Soeiety of Blood 
Transfusion reeognizes 29 blood groups. Of these, the ABO and 
Rh groups are most likely to cause severe transfusion reaetions. 
Blood typing determines the ABO and Rh blood types of the 
donor’s and reeipient’s blood. Blood samples are taken and the red 
blood eells are separated from the serum. The eells are tested with 
anti-A, anti-B, and anti-Rh antibodies to determine the type of 
antigen on the eell surface. For example, if a patient’s blood eells 
agglutinate when mixed with anti-A antibodies, but do not agglu- 
tinate when mixed with anti-B antibodies, it is concluded that the 
eells only have type A antigen. In a similar fashion, the donor’s and 
reeipient’s serum are mixed with eommereially provided type A 
and type B red blood eells to determine the type of ABO antibod- 
ies in the serum. 

The antibody sereen tests serum for the presenee of unexpected 
antibodies that could cause a transfusion reaetion. These unexpected 
antibodies are usually produced in response to a blood group in a 
previous transfusion, but ean occur as a result of autoimmune disease 
(see ehapter 19). The test is performed by mixing the donor’s and 
reeipient’s serum with eommereially provided red blood eells that 
have the antigens most likely to cause a transfiision reaetion. If the 
antibody sereen is positive, further tests are made to determine the 
speeifie antibody causing the reaetion. 

A erossmateh is a trial transfiision performed in a test tube. In 
a erossmateh, the donor’s red blood eells are mixed with the reeipi- 
ent’s serum. If agglutination occurs, the donor’s blood is unsafe for 
transfiision. Only donor blood that is eompatible with reeipient 
blood is used for transfusions. A type and sereen, without a eross- 
mateh, ean be used to determine eompatibility with a relatively small 
ehanee of a mild reaetion to some uncommon antibodies not found 
in the antibody sereen. 

eomplete Blood Count 

The eomplete blood count (CBC) is an analysis of the blood that 
provides much information. It eonsists of a red blood count, hemo- 
globin and hematoerit measurements, a white blood count, and a 
differential white blood count. 
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Red Blood Count 

Blood eell counts are usually done eleetronieally with a maehine, but 
they ean be done manually with a mieroseope. A normal red blood 
count (RBC) for a male is 4.6—6.2 million red blood eells per miero- 
liter (jjlL) of blood, and for a female it is 4.2—5.4 million (jlL of blood. 
A mieroliter is equivalent to 1 cubic millimeter (mm 3 ) or 10 -6 L, 
and one drop of blood is approximately 50 (xL. Erythroeytosis 
(é-rith'rò-sl-tò'sis) is an overabundance of red blood eells (see 

“Disorders of the Blood,” p. 484 ). 

Hemoglobin Measurement 

A hemoglobin measurement determines the amount of hemoglobin 
in a given volume of blood, usually expressed as grams of hemoglo- 
bin per 100 mL of blood. Tbe normal hemoglobin measurement for 
a male is 14-18 grams (g)/100 mL of blood, and for a female it is 
12 to 16 g/100 mL of blood. An abnormally low hemoglobin mea- 
surement is an indieation of anemia, which is either a reduced 
number of red blood eells or a reduced amount of hemoglobin in 
eaeh red blood eell (see “Disorders of the Blood,” p. 484). 

Hematoerit Measurement 

Tbe pereentage of total blood volume eomposed of red blood eells 
is the hematoerit (hé'mà-tò-krit, hem'a-tò-krit). One way to deter- 
mine hematoerit is to plaee blood in a tube and spin the tube in a 
centrifuge. Tbe formed elements are heavier than the plasma and are 
foreed to one end of the tube. White blood eells and platelets form 
a thin, whitish layer, ealled the bufíy eoat, between the plasma and 
the red blood eells (figure 16.15). The red blood eells account for 
40%—52% of the total blood volume in males and 38%—48% in 
females. Tbe hematoerit measurement is affeeted by the number and 
size of red blood eells because it is based on volume. For example, a 
deereased hematoerit ean result from a deereased number of normal- 
sized red blood eells or a normal number of small red blood eells. 
Tbe average size of a red blood eell is calculated by dividing the 
hematoerit by the red blood eell count. A number of disorders cause 
red blood eells to be smaller or larger than normal. For example, 
inadequate iron in the diet ean impair hemoglobin production. 
Consequently, red blood eells do not fill up with hemoglobin during 
their formation, and they remain smaller than normal. 

White Blood Count 

A white blood count (WBC) measures the total number of white 
blood eells in the blood. Tbere are normally 5000—9000 white blood 
eells per mieroliter of blood. Leukopenia (loo-kò-pé'né-à) is a lower- 
than-normal WBC; it often indieates deereased production or 
destmetion of the red marrow. Radiation, drugs, tumors, viral infee- 
tions, or a defieieney of the vitamins folate or B 12 ean cause leukope- 
nia. Leukocytosis (loo'kò-sl-tò'sis) is an abnormally high WBC. 
Baeterial infeetions often cause leukocytosis by stimulating neutro- 
phils to inerease in number. Leukemia (loo-ké'mé-à), a cancerous 
tumor of the red marrow, ean cause leukocytosis, but the white blood 
eells do not fimetion normally. 

Differential White Blood Count 

A difFerential white blood count determines the pereentage of 
eaeh of the five kinds of white blood eells in the white blood eell 


Centrifuge blood in 
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Figlire 16.15 Hematoerit 

Blood is withdrawn into a eapillary tube and spun in a centrifuge.The blood 
is separated into plasma and red blood eells, with a narrow layer of white blood 
eells and platelets between the plasma and red blood eells.The hematoerit 
measurement is the pereentage of the total blood volume that is red blood 
eells. It does not measure the white blood eells and platelets. Normal 
hematoerits for a male and a female are shown. 


count. Normally, neutrophils account for 60%-70%, lymphoeytes 
20%—25%, monoeytes 3%—8%, eosinophils 2%—4%, and basophils 
0.5%—1% of all white blood eells. For example, in baeterial infee- 
tions, the neutrophil count is often greatly inereased, whereas in 
allergie reaetions the eosinophil and basophil counts are elevated. 

eiotting 

Two measurements that test the ability of the blood to elot are the 
platelet count and the prothrombin time. 

Platelet Count 

A normal platelet count is 250,000—400,000 platelets per mieroliter 
of blood. Thromboeytopenia (throm'bò-sl-tò-pé'né-à) is a eondition 
in which the platelet count is greatly reduced, resulting in ehronie 
bleeding through small vessels and eapillaries. It ean be caused by 
deereased platelet production as a result of hereditary disorders, a laek 
of vitamin B 12 , drug therapy, or radiation therapy. 

Prothrombin Time 

Prothrombin time is a measure of how long it takes for the blood to 
start elotting, which is normally 9—12 seeonds. Prothrombin time is deter- 
mined by adding thromboplastin to whole plasma. Thromboplastin 
is a ehemieal released from injured tissues that starts the proeess of 
elotting (see figure 16.10). Prothrombin time is offieially reported as 
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Relevanee 


Disorders of the Blood 


Erythroeytosis (è-rith' ró-sì-tó' sis) 
is an overabundance of red blood eells, 
resulting in inereased blood viseosity, 
reduced fìow rates, and, if severe, plugging 
of the eapillaries. Relative erythroeytosis 
results from deereased plasma volume, 
such as that caused by dehydration, diuret- 
ies, and burns. Primary erythroeytosis, 
often ealled polyeythemia vera (pol'é-sT- 
thé'mé-à ve'ra), is a stem eell defeet of 
unknown cause that results in the overpro- 
duction of red blood eells, granulocytes, 
and platelets. Erythropoietin levels are low 
and the spleen ean be enlarged. Seeondary 
erythroeytosis (polyeythemia) results from 
a deereased oxygen supply, such as that 
which occurs at high altitudes, in ehronie 
obstructive pulmonary disease, and in eon- 
gestive heart failure.The resulting deerease 
in oxygen delivery to the kidneys stinrmlates 
erythropoietin seeretion and causes 
inerease in red blood eell production. In 
primary and seeondary erythroeytosis, the 


inereased number 


blood eells 


inereases blood viseosity and blood volume. 
There ean be elogging of eapillaries and the 
development of hypertension. 


Anemia 

Anemia is a defieieney of normal hemoglo- 
bin in the blood, resulting from a deereased 
number of red blood eells, a deereased 
amount of hemoglobin in eaeh red blood 
eell, or both. Anemia ean also be the result of 
abnormal hemoglobin production. 

Anemia reduces the blood's ability to 
transport oxygen. People with anemia suffer 
from a laek of energy and feel excessively 
tired and listless.They may appear pale and 
quickly beeome short of breath with only 
slight exertion. 

Red blood eell production also ean be 
lower than normal as a result of nutritional 
defìeieneies. iron-defìeieney anemia results 
from a defieient intake or absorption of iron 
or from excessive iron loss. Consequently, 
not enough hemoglobin is produced, the 
number of red blood eells deereases, and 
the red blood eells that are manufactured 
are smaller than normal. 


Folate defìeieney ean also cause ane- 
mia. Inadequate amounts of folate in the 
diet are the usual cause of folate defìeieney, 
with the disorder developing most often in 
the poor, in pregnant women, and in ehronie 
aleoholies. Because folate helps in the syn- 
thesis of DNA, a folate defìeieney results in 
fewer eell divisions and, therefore, deereased 
red blood eell production. A defìeieney in 
folate during pregnaney is also assoeiated 
with birth disorders ealled neural tube 
defeets, such as spina bifida. 

Another type of nutritional anemia is 
pernieìoiis (per-nish'us) anemia, which is 
caused by inadequate vitamin B 12 . A 2- to 
3-year supply of vitamin B 12 ean be stored 
in the liver. Inadequate amounts of vitamin 
B 12 ean result in deereased red blood eell 
production because vitamin B 12 is impor- 
tant for folate synthesis. Although inade- 
quate levels of vitamin B 12 in the diet ean 
cause pernicious anemia, the usual cause 
is insufficient absorption of the vitamin. 
Normally, the stomaeh produces intrinsie 
faetor, a protein that binds to vitamin B 12 . 
The eombined molecules pass into the 
small intestine, where intrinsie faetor faeili- 
tates the absorption of the vitamin. With- 
out adequate levels of intrinsie faetor, 
insufficient vitamin B 12 is absorbed, and 
pernicious anemia develops. Most eases of 
pernicious anemia probably resultfrom an 
autoimmune disease in which the body's 
immune system damages the stomaeh 
eells that produce intrinsie faetor. 

One general cause of anemia is insuffi- 
eient production of red blood eells. Aplastie 
(à-plas'tik) anemia is caused by an inability 
ofthe red bone marrowto produce red blood 
eells and, often, white blood eells and plate- 
lets. It is usually acquired as a result of dam- 
age to the stem eells in red marrow by 
ehemieals such as benzene, drugs such as 
eertain antibioties and sedatives, or radiation. 

Another general cause of anemia is the 


loss 


destmetion 


blood eells. 


Hemorrhagie (hem-ò-raj'ik) anemia results 
from a loss of blood, such as ean result from 
trauma, ulcers, or excessive menstmal bleeding. 
Chronic blood loss, in which small amounts of 


blood are lost over a period of time, ean result 
in iron-defieieney anemia. Hemolytie (hè-mò- 
lit'ik) anemia is a disorder in which red 
blood eells rupture or are destroyed at an 
excessive rate. It ean be caused by inher- 
ited defeets in the red blood eells. For 
example, one kind of inherited hemolytie 
anemia results from a defeet in the eell 
membrane that causes red blood eells to 
rupture easily. Many kinds of hemolytie 
anemia result from damage to the red 
blood eells by drugs, snake venom, artifì- 
eial heart valves, autoimmune disease, or 
hemolytie disease of the newborn. 

Anemia ean result from a reduced rate of 
synthesis of the globin ehains in hemoglobin. 
Thalassemia (thal-à-sè'mè-à) is a hereditary 
disease found in people of Mediterranean, 
Asian, and Afriean aneestry. If hemoglobin 
production is severely depressed, death usu- 
ally occurs before age 20. In less severe 
thalassemia produces a mild anemia. 

Some anemias are caused by defeetive 
hemoglobin production. Siekle-eell disease 
is a hereditary disease that results in the for- 
mation of an abnormal hemoglobin. When 
blood oxygen levels deerease, as when oxy- 
gen diffuses away from the hemoglobin in 
tissue eapillaries, the abnormal hemoglobin 
molecules join together, causing a ehange in 
red blood eell shape. When blood oxygen 
levels inerease, as in the lungs, the abnormal 
hemoglobin molecules separate and 
blood eells ean resume their normal shape. 

The major consequence of siekle-eell 
disease is tissue damage resulting from 
reduced blood fìowthrough tissues because 
siekle-shaped red blood eells beeome 
lodged in eapillaries. The most eommon 
symptom is pain, often severe pain, assoei- 
ated with the tissues deprived of blood. 
Spleen and liver enlargement, kidney and 
lung damage, and stroke ean occur. Priapism 
(prT-à-pizm), a prolonged, painful ereetion 
due to venous bloekage, ean develop in 
men. In severe eases, there is so much abnor- 
mal hemoglobin production thatthedisease 
is usually fatal before age 30. 

Siekle-shaped red blood eells are also 
likely to rupture, and they have a life span of 
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10-20 days, eompared with 120 days 
fornormal red blood eells. Rupture of red 
blood eells ean result in hemolytie anemia. 

Siekle-eell disease is an autosomal 
reeessive disorder (see ehapter 25), which 
means only individuals who have two 
mutated genes express the disease. Indi- 
viduals who have one normal and one 
abnormal hemoglobin gene produce suffi- 
eient amounts of normal hemoglobin that 
their red blood eells do not usually beeome 
siekle-shaped. Individuals with one normal 
and one abnormal hemoglobin gene are 
earriers (see ehapter 25) and are said to 
have siekle-eell trait. They usually do not 
have disease symptoms, but ean pass the 
abnormal gene to their ehildren. Under 
stressful situations, such as low oxygen lev- 
els at high altitude, severe infeetions, or 
exhaustion, eomplieations caused by siek- 
ling ean develop. 

Siekle-eell disease is an example of bal- 
aneed polymorphìsm, in which the earrier 
has a better ability to survive under eertain 
circumstancesthan a person who has normal 
hemoglobin or a person with siekle-eell dis- 
ease. Carriers with siekle-eell trait are health- 
ier than those with siekle-eell disease. They 
also have inereased resistanee to malaria, 
eompared with individuals who have only 
normal hemoglobin. In the United States, 
siekle-eell disease and siekle-eell trait are 
found mostly in people of Afriean deseent. 

Leukemia 

Leukemia (loo-ké'mè-à) is a eaneer in which 
abnormal production of one or more of the 
white blood eell types occurs. Because 
these eells are usually immature or abnor- 
mal and laek normal immunological func- 
tions, people with leukemia are very 
susceptible to infeetions. The excess pro- 
duction of white blood eells in the red mar- 
row ean also interfere with red blood eell 
and platelet formation and thus leads to 
anemia and bleeding. 

Disseminated lntravascular 
Coagulation 

Disseminated intravascular coagulation 
(DIC) is a complex disorder involving elot- 



Figure A siekle-eell Disease 

Red blood eells in a person with siekle-eell disease appear normal in oxygenated blood. In 
deoxygenated blood, hemoglobin ehanges shape and cause the eells to beeome siekle-shaped 
and rigid. 


ting throughout the vascular system fol- 
lowed by bleeding. Normally, excessive 
elotting is prevented by anticoagulants. DIC 
ean develop when these eontrol meeha- 
nisms are overwhelmed. Many eonditions 
ean cause DIC by overstinrmlating blood elot- 
ting. Examples include massive tissue dam- 
age, such as burns, and alteration of the 
lining of blood vessels caused by infeetions 
or snake bites. If DIC occurs slowly, the pre- 
dominant effeet is thrombosis and the bloek- 
age of blood vessels. If DIC occurs rapidly, 
massive elot formation occurs, quickly using 
up available blood elotting faetors and plate- 
lets. The result is continual bleeding around 
wounds, intravenous lines, and eatheters, as 
well as internal bleeding. The best therapy 
for DIC is to treat and stop whatever eondi- 
tion is stimulating blood elotting. 

von VVìllebrand Disease 

von VVillebrand disease is the most eom- 
mon inherited bleeding disorder, occur- 
ring as frequently as 1 in 1000 individuals. 
von VVillebrand faetor helps platelets 
adhere to eollagen and beeome aetivated. 
In von Willebrand disease, platelet plug 


formation and the contribution of aeti- 
vated platelets to blood elotting are 
impaired. Treatments for von VVillebrand 
disease include injeetions of von VVille- 
brand faetor and the administration of 
drugs that inerease von VVillebrand faetor 
levels in the blood. 

Hemophilia 

Hemophilia (hé-mó-fil'é-à) is a genetie dis- 
order in which elotting is abnormal or 
absent. It is most often found in people 
from northern Europe and their deseen- 
dants. Hemophilia is most often a sex- 
linked trait, and it occurs almost exclusively 
in males (see ehapter 25).There are several 
types of hemophilia, eaeh the result of a 
defìeieney or dysfunction of a elotting fae- 
tor.Treatment of hemophilia involves injee- 
tion of the missing elotting faetor taken 
from donated blood or produced by 
genetie engineering. 
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the International Normalized Ratio (INR), which standardizes the 
time it takes to elot on the basis of the slightly different thromboplas- 
tins used by different labs. Because many elotting faetors have to be 
aetivated to form fibrin, a defieieney of any one of them ean cause an 
abnormal prothrombin time. Vitamin K defieieney, eertain liver diseases, 
and drug therapy ean cause an inereased prothrombin time. 

Blood ehemistry 

The eomposition of materials dissolved or suspended in the plasma 
ean be used to assess the fimetioning of many of the body’s systems. 
For example, high blood glucose levels ean indieate that the pan- 
ereas is not producing enough insulin, high blood urea nitrogen 
(BUN) is a sign of reduced kidney fianetion, inereased bilirubin ean 
indieate liver dysfianetion, and high eholesterol levels ean indieate 
an inereased risk of developing cardiovascular disease. A number of 
blood ehemistry tests are routinely done when a blood sample is 
taken, and additional tests are available. 


39 Explain how blood typing, antibody sereening, and erossmatehing 
are used to prevent transfusion reaetions. 

40 For eaeh of the following tests, defìne the test and give an example 
of a disorder that would cause an abnormal test result: 

a. red blood count 

b. hemoglobin measurement 

e. hematoerit measurement 

d. white blood count 

e. differential white blood count 

f. platelet count 

g. prothrombin time 

h. blood ehemistry tests 


Prediet 



When a patient eomplains of acute pain in the abdomen, his physieian suspects 
appendieitis, which is a baeterial infeetion of the appendix. What blood test 
could provide supporting evidenee for the diagnosis? 


Summary 


16.1 Fiinetions and eomposition 

Of BlOOd (p. 467) 

1. Blood transports gases, nutrients, waste products, proeessed molecules, 
and regulatory molecules. 

2. Blood regulates pH, fluid, and ion balanee. 

3. Blood is involved with temperature regulation and proteets against 
foreign substances such as mieroorganisms and toxins. 

4. Blood elotting prevents fluid and eell loss and is part of tissue repair. 

3. Blood is a eonneetive tissue eonsisting of plasma and formed elements. 

Total blood volume is approximately 3 L. 

16.2 Plasma <p. 467 ) 

1. Plasma is mostly water (91%) and eontains proteins, such as albumin 
(maintains osmotie pressure), globulins (fimetion in transport and 
immunity), fibrinogen (is involved in elot formation), and hormones 
and enzymes (are involved in regulation). 

2. Plasma eontains ions, nutrients, waste products, and gases. 

16.3 Formed Elements (p. 467 ) 

The formed elements include red blood eells (erythroeytes), white blood 
eells (leukocytes), and platelets (eell fragments). 

Production of Formed Elements 

Formed elements arise in red bone marrow from stem eells 
(hemoeytoblasts). 

Red Blood eells 

1. Red blood eells are bieoneave dises eontaining hemoglobin and 
earbonie anhydrase. 

■ A hemoglobin molecule eonsists of four heme and four globin 
moleorles. The heme molecules transport oxygen. Iron is required 
for oxygen transport. 

■ The globin moleoales transport earbon dioxide. 


2. Carbon dioxide is transported dissolved in plasma (7%), bound to 
hemoglobin (23%), and as biearbonate ions (70%). 

3. Carbonic anhydrase in red blood eells promotes the formation of 
biearbonate ions. 

4. Erythropoiesis is the production of red blood eells. 

■ Stem eells in red bone marrow give rise to proerythroblasts. 
Through a series of eell division and differentiation, eells 
accumulate hemoglobin, lose their nuclei, and are released into the 
blood as retiotloeytes, which beeome red blood eells. 

■ In response to low blood oxygen, the kidneys produce 
erythropoietin, which stimulates erythropoiesis. 

5. Worn-out red blood eells are phagoeytized by maerophages in the 
spleen or liver. Hemoglobin is broken down, iron and amino aeids are 
reused, and heme beeomes bilirubin that is seereted in bile. 

White Blood eells 

1. White blood eells proteet the body against mieroorganisms and remove 
dead eells and debris. 

2. Five types of white blood eells exist. 

■ Neutrophils are small phagoeytie eells. 

■ Neutrophils, basophils, and eosinophils release ehemieals that 
promote inflammation. 

■ Lymphoeytes are important in immunity, including the production 
of antibodies. 

■ Monoeytes leave the blood, enter tissues, and beeome large 
phagoeytie eells ealled maerophages. 

Platelets 

Platelets are eell fragments involved with preventing blood loss. 

16.4 Preventing Blood Loss (p. 475 ) 

vascular Spasm 

Blood vessels eonstriet in response to injury, resulting in deereased 

blood flow. 
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Platelet Plugs 

1. Platelets repair minor damage to blood vessels by forming platelet plugs. 

■ In platelet adhesion, platelets bind to eollagen in damaged tissues. 

■ In the platelet release reaetion, platelets release ehemieals that 
aetivate additional platelets. 

■ In platelet aggregation, platelets bind to one another to form a 
platelet plug. 

2. Platelets also release ehemieals (ADP and thromboxanes) involved with 
blood elotting. 

Blood eiotting 

1. Blood elotting, or coagulation, is the formation of a elot (a network of 
protein fibers ealled fibrin). 

2. Blood elotting begins with the extrinsic or intrinsie pathway. Both 
pathways end with the production of aetivated faetor X. 

■ The extrinsic pathway begins with the release of thromboplastin 
from damaged tissues. 

■ The intrinsie pathway begins with the aetivation of faetor XII. 

3. Aetivated factorX, faetor V, phospholipids, and Ca 2+ form 
prothrombinase. 

4. Prothrombin is eonverted to thrombin by prothrombinase. 

3. Fibrinogen is eonverted to fibrin by thrombin. The insoluble fibrin 
forms the elot. 

eontrol of Clot Formation 

Anticoagulants in the blood, such as antithrombin and heparin, prevent 
elot formation. 

Clot Retraetion and Fibrinolysis 

1. Clot retraetion results from the eontraetion of platelets, which pull the 
edges of damaged tissue eloser together. 

2. Serum, which is plasma minus fibrinogen and some elotting faetors, is 
squeezed out of the elot. 

3. Thrombin and tissue plasminogen aetivator aetivate plasmin, which 
dissolves fibrin (fibrinolysis). 

16.5 Blood Grouping (p. 478) 

1. Blood groups are determined by antigens on the surfaces of red 
blood eells. 

2. In transfusion reaetions, antibodies ean bind to red blood eell antigens, 
resulting in agglutination or hemolysis of red blood eells. 


ABO Blood Group 

1. Type A blood has A antigens, type B blood has B antigens, type AB 
blood has A and B antigens, and type O blood has neither A nor B 
antigens. 

2. Type A blood has anti-B antibodies, type B blood has anti-A 
antibodies, type AB blood has neither A nor B antibodies, and type O 
blood has both anti-A and anti-B antibodies. 

3. Mismatehing the ABO blood group ean result in transfiision reaetions. 

Rh Blood Group 

1. Rh-positive blood has eertain Rh antigens (the D antigen), whereas 
Rh-negative blood does not. 

2. Antibodies against the Rh antigen are produced when an Rh-negative 
person is exposed to Rh-positive blood. 

3. The Rh blood group is responsible for hemolytie disease of the 
newborn, which ean occur when the fetus is Rh-positive and the 
mother is Rh-negative. 

16.6 Diagnostie Blood Tests <p. 482 ) 

eompatibility Tests 

1. Blood typing determines the ABO and Rh blood groups of a blood 
sample. 

2. Antibody sereening tests for unexpected antibodies in blood. 

3. A erossmateh tests for an agglutination reaetion between donor and 
reeipient blood. 

eomplete Blood Count 

The eomplete blood count eonsists of the following: red blood count 
(million/p.L), hemoglobin measurement (grams ofhemoglobin per 100 mL 
of blood), hematoerit measurement (pereent volume of red blood eells), 
white blood count (million/|JLL), and differential white blood count (the 
pereentage of eaeh type of white blood eell). 

eiotting 

Platelet count and prothrombin time measure the ability of the blood to elot. 

Blood ehemistry 

The eomposition of materials dissolved or suspended in plasma (e.g., 
glucose, urea nitrogen, bilirubin, and eholesterol) ean be used to assess the 
fimetioning and status of the body’s systems. 


Review and eomprehension 


16.1 Functions and eomposition 

Of BlOOd (p. 467) 

1. Which of these is a fimetion of blood? 

a. elot formation 

b. proteetion against foreign substances 
e. maintenanee of body temperature 

d. regulation of pH and osmosis 

e. all of the above 

16.2 Plasma (p.467> 

2. Which of these is not a eomponent of plasma? 

a. oxygen e. platelets e. urea 

b. sodium ions d. water 


3. Which of these plasma proteins plays an important role in maintaining 
the osmotie eoneentration of the blood? 

a. albumin e. platelets e. globulins 

b. fibrinogen d. hemoglobin 

16.3 Formed Elements (p. 467 ) 

4. Red blood eells 

a. are the least numerous formed element in the blood. 

b. are phagoeytie eells. 

e. are produced in the yellow marrow. 

d. do not have a nucleus. 

e. all of the above. 
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5. Given these ways of transporting earbon dioxide in the blood: 

1. as biearbonate ions 

2. eombined with blood proteins 

3. dissolved in plasma 

Choose the arrangement that lists them in the eorreet order from 
largest to smallest pereentage of earbon dioxide transported. 

a. 1,2,3 e. 2,3,1 e. 3,1,2 

b. 1,3,2 d. 2,1,3 

6. Which of these eomponents of a red blood eell is eorreetly matehed 
with its function? 

a. heme group of hemoglobin—oxygen transport 

b. globin portion of hemoglobin—earbon dioxide transport 
e. earbonie anhydrase—earbon dioxide transport 

d. all of the above 

7. Eaeh hemoglobin molecule ean beeome assoeiated with_oxygen 

molecules. 

a. one e. three e. an unlimited number of 

b. two d. four 

8. Which of these substances is not required for normal red blood eell 
production? 

a. folate e. iron 

b. vitamin K d. vitamin B 12 

9. Erythropoietin 

a. is produced mainly by the heart. 

b. inhibits the production of red blood eells. 

e. production inereases when blood oxygen deereases. 

d. production is inhibited by testosterone. 

e. all of the above. 

10. Which of these ehanges occurs in the blood in response to the initiation 
of a vigorous exercise program? 

a. inereased erythropoietin production 

b. inereased number of reticulocytes 
e. deereased bilimbin formation 

d. both a and b 

e. all of the above 

11. Which of the eomponents of hemoglobin is eorreetly matehed with its 
fate following the destmetion of a red blood eell? 

a. heme—reused to form a new hemoglobin molecule 

b. globin—broken down into amino aeids 
e. iron—mostly seereted in bile 

d. all of the above 

12. If you lived near sea level and were training for a traek meet in Denver 
(3280 ft elevation), you would want to spend a few weeks before the 
meet training at 

a. sea level. 

b. an altimde similar to Denver’s. 

e. a faeility with a hyperbarie ehamber. 

d. any loeation—it does not matter. 

13. The eells that promote inflammation are 

a. eosinophils. 

b. basophils. 

e. neutrophils. 

d. maerophages 

e. all of the above. 

14. The most numerous type of white blood eell, whose primary function is 
phagoeytosis, is 

a. eosinophils. e. neutrophils. e. lymphoeytes. 

b. basophils. d. monoeytes. 


13. Monoeytes 

a. are the smallest white blood eells. 

b. inerease in number during ehronie infeetions. 
e. give rise to neutrophils. 

d. produce antibodies. 

16. The white blood eells that release large amounts of histamine and 
heparin are 

a. eosinophils. 

b. basophils. 

e. neutrophils. 

d. monoeytes. 

e. lymphoeytes. 

17. Platelets 

a. are derived from megakaryoeytes. 

b. are eell fragments. 

e. have surface molecules that attaeh to eollagen. 

d. play an important role in elot formation. 

e. all of the above. 

16.4 Preventing Blood Loss <p. 475 ) 

18. Given these proeesses in platelet plug formation: 

1. platelet adhesion 

2. platelet aggregation 

3. platelet release reaetion 

Choose the arrangement that lists the proeesses in the eorreet order 
after a blood vessel is damaged. 

a. 1,2,3 

b. 1,3,2 

e. 3,1,2 

d. 3,2,1 

e. 2,3,1 

19. A eonstiment of blood plasma that forms the network of fibers in a 
elot is 

a. fibrinogen. 

b. tissue faetor. 
e. platelets. 

d. thrombin. 

e. prothrombinase. 

20. Given these ehemieals: 

1. aetivated faetor XII 

2. fibrinogen 

3. prothrombinase 

4. thrombin 

Choose the arrangement that lists the ehemieals in the order they are 
used during elot formation. 

a. 1,3,4,2 

b. 2,3,4,1 
e. 3,2,1,4 

d. 3,1,2,4 

e. 3,4,2,1 

21. The extrinsic pathway 

a. begins with the release of thromboplastin (tissue faetor). 

b. leads to the production of aetivated faetor X. 
e. requires Ca 2+ . 

d. all of the above. 

22. The ehemieal involved in the breakdown of a elot (fibrinolysis) is 

a. antithrombin. e. heparin. e. sodium eitrate. 

b. fibrinogen. d. plasmin. 
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16.5 Blood Grouping (p. 478 ) 

23. A person with type A blood 

a. has anti-A antibodies. 

b. has type B antigens. 

c. will have a transfnsion reaetion if given type B blood. 

d. all of the above. 

24. Rh-negative mothers who reeeive a RhoGAM injeetion are given that 
injeetion to 

a. initiate the synthesis of anti-Rh antibodies in the mother. 

b. initiate anti-Rh antibody production in the baby. 

e. prevent the mother from producing anti-Rh antibodies. 
d. prevent the baby from producing anti-Rh antibodies. 

eritieal Thinking 

1. In hereditary hemolytie anemia, massive destmetion of red blood eells 
occurs. Would you expect the reticulocyte count to be above or below 
normal? Explain why one of the symptoms of the disease is jaundice. In 
1910, it was diseovered that hereditary hemolytie anemia ean be 
successfully treated by removing the spleen. Explain why this treatment 
is effeetive. 

2. Red Paeker, a physieal education major, wanted to improve his 
performanee in an upcoming marathon raee. About 6 weeks before the 
raee, 300 mL of blood was removed from his body, and the formed 
elements were separated from the plasma. The formed elements were 
frozen, and the plasma was reinfused into his body. Just before the 
eompetition, the formed elements were thawed and injeeted into his 
body. Explain why this procedure, ealled blood doping or blood 
boosting, would help Red’s performanee. Can you suggest any possible 
bad effeets? 

3. What blood problems would you expect to observe in a patient after 
total gastreetomy (removal of the stomaeh)? Explain. 

4. Some people habitually use barbiturates to depress feelings of anxiety. 
Barbiturates cause hypoventilation, which is a slower-than-normal rate of 


16.6 Diagnostie Blood Tests (p. 482 ) 

23. Which of the following blood test results could result from anemia? 

a. low RBC count 

b. low hemoglobin measurement 
e. low hematoerit measurement 
d. all of the above 

Answers in Appendix E 


breathing, because they suppress the respiratory eenters in the brain. What 
happens to the red blood count of a habitual user of barbiturates? Explain. 

5. Why do many anemie patients have gray feees? ( Hint: The feees is 
laeking its normal eoloration.) 

6. Why is it advantageous for elot formation to involve molecules on the 
surfaces of aetivated platelets? 

7. Aeeording to an old saying, “good food makes good blood.” Name 
three substances in the diet that are essential for “good blood.” What 
blood disorders develop if these substances are absent from the diet? 

8. Chemicals such as benzene and ehloramphenieol ean destroy red bone 
marrow and cause aplastie anemia. What symptoms develop as a result 
of the laek of (a) red blood eells, (b) platelets, and (e) white blood eells? 

9. Reddie Popper has a eell membrane defeet in her red blood eells that 
makes them more susceptible to rupturing. Her red blood eells are 
destroyed faster than they ean be replaeed. Are her RBC, hemoglobin, 
hematoerit, and bilirubin levels below normal, normal, or above 
normal? Explain. 

Answers in Appendix F 
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17.1 Functions of the Heart 491 

1. Deseribe the fimetions of the heart. 



17.2 Loeation, Shape, and Size of the Heart 492 
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Photograph of the ehordae tendineae attaehed to the papillary 
muscles of a ventriele. 
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6. Traee the flow of blood through the heart and the eoronary circulation. 
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Regulation of the Heart 512 

15. List the major faetors involved in the intrinsie and extrinsic 
regulation of the heart. 
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oxygen, ions, and temperature on the heart. 

Effeets of Aging on the Heart 516 


18. Discuss the age-related ehanges that occur in the heart. 
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lntroduction 

P eople often refer to the heart as ifk were the seat of eer- 

tain strong emotions. A very determined person may be 
deseribed as having “a lot of heart,” and a person who has 
been disappointed romantieally ean be deseribed as having a 
“broken heart.” A popular holiday in Febmary not only dra- 
matieally distorts the heart’s anatomy but also attaehes romantie 
emotions to it. The heart is a muscular organ that is essential for 
life because it pumps blood through the body. Emotions are a 
product of brain function, not heart function. 

Like a pump that forees water to flow through a pipe, the 
heart eontraets forcefully to pump blood through the blood ves- 
sels of the body. At rest, the heart of a healthy adult pumps blood 
at the rate of approximately 5 L/min (1.3 gal/min) or 7200 L/day 
(1900 gal/day). During short periods of vigorous exercise, the 
amount of blood pumped by the heart ean inerease to 20 L/min 
or more. If the heart loses its pumping ability for even a few min- 
utes, however, blood flow through the blood vessels stops, and the 
life of the individual is in danger. 


17.1 Fimetions of the Heart 

The following are the functions of the heart: 

1. Generating bloodpressnre. Contractions of the heart generate 
blood pressure, which is required for blood flow through the 
blood vessels. 

2. Routing blood. The heart is two pumps, moving blood through 
the pulmonary and systemie circulations. The piilmonary 
(puFmò-nàr-è) circulation is the flow of blood from the heart 
through the lungs baek to the heart. Blood in the pulmonary 
circulation pieks up oxygen and releases earbon dioxide in the 
lungs. The systemie circulation is the flow of blood from the 
heart through the body baek to the heart. Blood in the systemie 
circulation delivers oxygen and pieks up earbon dioxide in the 
bodys tissues (figure 17.1). 

3. Regnlating blood supply. Changes in the rate and foree of heart 
eontraetion mateh blood flow to the ehanging metabolie needs 
of the tissues during rest, exercise, and ehanges in body position. 

1 Listthefiinetionsofthe heart. 

2 Define the piilmonary and systemie circulations and deseribe the gas 
exchangetaking plaee in eaeh ofthem. 
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Figlire 17.1 Systemie and Pulmonary Circulation apir 

The circulatory system eonsists of the pulmonary and systemie circulations.The right side of the heart pumps blood through vessels to the lungs and baekto the left 
side of the heart through the pulmonary circulation.The left side of the heart pumps blood through vessels to the tissues of the body and baekto the right side of the 
heart through the systemie circulation. 
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17.2 Loeation, Shape, and Size 

of the Heart 

It is important for elinieal reasons to know the loeation and shape of 
the heart in the thoraeie eavity. This knowledge allows a person to 
aeeiirately plaee a stethoseope to hear the heart sounds, plaee ehest 
leads to reeord an eleetroeardiogram (é-lek-tró-kar'dè-ó-gram) 
(ECG or EKG), or administer eífeetive cardiopulmonary resuscita- 
tion (kar'dé-ó-pul'mo-nàr-è rè-sus'i-tà-shun) (CPR). 

The heart is loeated in the thoraeie eavity between the lungs. The 
heart, traehea, esophagus, and assoeiated structures form a midline 
partition, the mediastinum (me'dè-as-tl'num) (see figure 1.15). The 
adult heart is shaped like a blunt eone and is approximately the size 
of a elosed fist. It is larger in physieally aetive adults than in less aetive 
but otherwise healthy adults. The blunt, rounded point of the eone is 
the apex; the larger, flat part at the opposite end of the eone is the 
base (figure 17.2). 

The heart lies obliquely in the mediastinum, with its base 
direeted posteriorly and slightly superiorly and the apex direeted 
anteriorly and slightly inferiorly (see figure 17.2). The apex is also 
direeted to the left so that approximately two-thirds of the heart’s 
mass lies to the left of the midline of the sternum. The base of the 
heart is loeated deep to the sternum and extends to the level of the 
seeond intereostal spaee. The apex is loeated deep to the fifth inter- 
eostal spaee, approximately 7—9 eentimeters (em) to the left of the 
sternum near the midclavicular line, which is a perpendicular line 
that extends down from the middle of the elaviele. 
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Figlire 17.2 Loeation of the Heart in the Thorax 

The heart is loeated in the thoraeie eavity, deep and slightly to the left of the 
sternum.The sternal angle, the joint betvveen the manubrium and body of the 
sternum, ean be used as a landmark for counting the ribs, vvhieh are numbered 
in the figure.The base of the heart extends superiorly to the level of the seeond 
intereostal spaee (betvveen ribs 2 and 3), and the apex of the heart is loeated 
deep to the fifth intereostal spaee (betvveen ribs 5 and 6), approximately 
7-9 em to the left of the sternum vvhere the midclavicular line interseets vvith 
the fifth intereostal spaee. 


3 Deseribe the loeation, shape, and approximate size of the heart. 


17.3 


Anatomy of the Heart 


Pericardium 

The heart is surrounded by the perieardial {peri, around + eardio, 
heart) eavity, which is formed by the pericardium (per-i-kar'dè-um), 
or perieardial sae (figure 17.3). The pericardium eonsists of two layers, 
an outer fibrous pericardium and an inner serous pericardium. The 
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Figure 17.3 Heart in the Pericardium 

The heart is loeated in the pericardium, which eonsists of an outer fibrous pericardium and an inner serous pericardium.The serous pericardium has two parts:The 
parietal pericardium lines the fibrous pericardium, and the viseeral pericardium (epicardium) eovers the surface of the heart.The perieardial eavity, between the 
parietal and viseeral perieardia, is filled with a small amount of perieardial fluid. 
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fibroiis pericardium is tough, fibrous eonneetive tissue that anehors 
the heart within the mediastinum. The serous pericardium is simple 
squamous epithelium overlying a layer of loose eonneetive tissue and 
fat. The part of the serous pericardium lining the fibrous pericardium 
is the parietal pericardium, whereas the part eovering the heart sur- 
faee is the viseeral pericardium. The perieardial eavity, loeated 
between the viseeral and parietal perieardia, is filled with a thin layer of 
perieardia! fiuid produced by the serous pericardium. The perieardial 
fluid helps reduce frietion as the heart moves within the perieardial sae. 

i 

Vlàr ^ > jr 

rf) 

TJS 

Periearditis and eardiae Tamponade 

T 

Periearditis (per'i-kar-dl'tis) is an inflammation of the serous 
pericardium.The cause is frequently unknown, but it ean result from 
infeetion, diseases of eonneetive tissue, or damage due to radiation 
treatment for eaneer. It ean be extremely painful, with sensations of 
pain referred to the baek and to the ehest, which ean be confused 
with the pain of a heart attaek. Periearditis ean result in a small 
amount of fluid accumulation within the perieardial sae. 

Cardiac tamponade (tam-pó-nàd', a paek or plug) is a poten- 
tially fatal eondition in which fluid or blood accumulates in the peri- 
eardial sae. The fluid eompresses the heart from the outside. The 
heart is a powerful muscle, but it relaxes passively. When it is eom- 
pressed by fluid within the perieardial sae, it eannot expand when 
the eardiae muscle relaxes. Consequently, the heart eannot fìll with 
blood during relaxation, which makes it impossible for it to pump 
blood. Cardiac tamponade ean cause a person to die quickly unless 
the fluid is removed from the perieardial eavity. Causes of eardiae 
tamponade include rupture of the heart wall following a heart 
attaek, rupture of blood vessels in the pericardium after a malignant 
tumor invades the area, damage to the pericardium resulting from 
radiation therapy, and trauma such as occurs in a traffie aeeident. 


4 What is the pericardium? Deseribe its parts and their functions. 

Heart wall 

The heart wall is eomposed of three layers of tissue: the epicardium, the 
myocardium, and the endocardium (figure 17.4). The epicardium 
(ep-i-kar'dé-um, upon the heart) is a thin serous membrane forming 
the smooth outer surface of the heart. It eonsists of simple squamous 
epithelium overlying a layer of loose eonneetive tissue and fat. The 
epicardium and the viseeral pericardium are two terms for the same 
structure. When eonsidering the pericardium, it is ealled viseeral 
pericardium; when eonsidering the heart wall, it is ealled epicardium. 

The thiek middle layer of the heart, the myocardium (ml-ò- 
kar'dè-um, heart muscle), is eomposed of eardiae muscle eells and is 
responsible for eontraetions of the heart ehambers. The inner surface 
of the heart ehambers is the endocardium (en-dò-kar'dè-um, within 
the heart), which eonsists of simple squamous epithelium over a layer 
of eonneetive tissue. The smooth endocardium allows blood to move 
easily through the heart. 

The surfaces of the interior walls of the ventrieles are modified by 
ridges and columns of eardiae muscle ealled trabeculae (trà-bek'u-lé, 
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Figure 17.4 Heart wall 

Part of the wall of the heart has been removed, enlarged, and rotated so that its 
inner surface is visible.The enlarged seetion illustrates the epicardium (viseeral 
pericardium), myocardium, and endocardium. 


beams) earneae (kar'né-è, flesh). Smaller, muscular ridges ealled 
peetinate (pek'ti-nàt, hair eomb-shaped) muscles are also found in 
portions of the atria. 

5 Deseribe the three layers of the heart, and state their functions. 

6 Name the muscular ridges found on the interior walls of the 
ventrieles and atria. 


External Anatomy 

The heart eonsists of four ehambers: two atria (à'trè-à, entranee 
ehamber) and two ventrieles (ven'tri-klz, under side). The right and 
left atria are loeated at the base of the heart, and the right and lefi: ven- 
trieles extend from the base of the heart toward the apex (figure 17.5a). 
Flaplike auricles (aw'ri-klz, ears) are extensions of the atria that ean 
be seen anteriorly between eaeh atrium and ventriele (figure 17.5^). 
A sulcus (sul'kus, diteh) is a groove on the surface of the heart 
eontaining blood vessels and fat. Several large sulci mark the 
boundaries of the heart ehambers. A eoronary (kòr'o-nàr-è, eir- 
eling like a crown) sulcus extends around the heart, separating the atria 
from the ventrieles. Two sulci indieate the division between the right 
and left ventrieles. The anterior interventricular sulcus extends infe- 
riorly from the eoronary sulcus on the anterior surface of the heart, and 
the posterior interventricular sulcus extends inferiorly from the eoro- 
nary sulcus on the posterior surface of the heart (figure 17.5c). 
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(a) Anterior view 
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(b) Anterior view 


Figlire 17.5 Surface View of the Heart apir 

{a) The two atria (right and left) are loeated superiorly, and the two ventrieles (right and left) are loeated inferiorly. The superior vena eava and inferior vena eava enter 
the right atrium.The pulmonary veins enter the left atrium.The pulmonary trunk exits the right ventriele, and the aorta exits the left ventriele. (ò) Photograph of the 
anterior surface of the heart. 
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(e) Posterior view 


Figlire 17.5 ( eontimied ) fe&RJ 

(c)The two atria (right and left) are loeated superiorly, and the two ventrieles (right and left) are loeated inferiorly.The superior vena eava and inferior vena eava enter 
the right atrium, and the four pulmonary veins enter the left atrium.The pulmonary trunk divides, forming the left and right pulmonary arteries. 


Six large veins earry blood to the heart (see figure 17.5/2 and e): 
The superior vena eava and inferior vena eava earry blood from 
the body to the right atrium, and four pulmonary (piirmò-nàr-è, 
lung) veins earry blood from the lungs to the left atrium. Two 
arteries, the pulmonary trunk and the aorta (à-òr'tà), exit the 
heart. The pulmonary trunk, arising from the right ventriele, splits 
into the right and left pulmonary arteries, which earry blood to the 
lungs. The aorta, arising from the left ventriele, earries blood to the 
rest of the body. 

7 Name the ehambers of the heart and deseribe their loeations as seen 
on the outside of the heart. 

8 Name the major blood vessels that enter and leave the heart. Which 
ehambers of the heart do they enter or exit? 

Heart ehambers 

With the anterior wall of the heart removed, the four ehambers of the 
heart ean be seen in figure 17.6. The atria reeeive blood from veins. 
The right atrium has three major openings through which blood 
enters: The openings from the superior vena eava and the inferior 
vena eava reeeive blood from the body, and the opening of the eoro- 
nary sinus reeeives blood from the heart itself. The left atrium has 
four openings that reeeive blood from the four pulmonary veins from 
the lungs. The two atria are separated from eaeh other by the inter- 
atrial septum. A slight, oval depression, the fossa ovalis (fos'à 
ò-va'lis), on the right side of the septum marks the former loeation 
of the foramen ovale (ò-va'lé), an opening between the right and left 
atria in the embryo and the fetus. This opening allows blood to flow 


from the right to the left atrium in the fetus to bypass the pulmonary 
circulation (see ehapter 25). 

The atria open into the ventrieles, and eaeh ventriele has one 
large, superiorly plaeed outflow route near the midline of the heart. 
The right ventriele opens into the pulmonary trunk, and the lefit 
ventriele opens into the aorta (see figure 17.6). The two ventrieles are 
separated from eaeh other by the interventricular septum. 

9 Deseribe the openings through which blood enters the atria. What 
structure separates the atria from eaeh other? 

10 What are the fossa ovalis and the foramen ovale? 

11 Deseribe the openings through which blood leaves the ventrieles. 

What structure separates the ventrieles from eaeh other? 

Heart valves 

The heart valves are formed by folds of endocardium that eonsist of 
a double layer of endocardium with eonneetive tissue in between. 
The valves allow blood to flow into and out of the ventrieles but 
prevent the backflow of blood. This ensures one-way flow of blood 
through the heart. 

An atrioventricular (AV) valve is loeated between eaeh atrium 
and its ventriele. The AV valve between the right atrium and the right 
ventriele has three cusps and is ealled the tricuspid valve (see figures 17.6 
and 17.7<2). The AV valve between the left atrium and left ventriele has 
two cusps and is ealled the bicuspid valve or mitral (resembling a 
bishop’s miter, a two-pointed hat) valve (see figures 17.6 and 17.7^). 

Eaeh ventriele eontains eone-shaped, muscular pillars ealled pap- 
illary (pap'i-làr-è, nipple- or pimple-shaped) muscles. These muscles 
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Figlire 17.6 Internal Anatomy of the Heart 

The heart is cut in a frontal plane to show the internal anatomy. 
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(a) View of the tricuspid valve, the ehordae tendineae, and the 
papillary muscles. 

Figure 17.7 Heart Valves ap;r 
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(b) A superior view of the heart valves. Note the three cusps of eaeh 
semilunar valve meeting to prevent the backflow of blood. 


are attaehed by thin, strong eonneetive tissue strings ealled ehordae 
tendineae (kòr'dé ten'di-nè-è, heart strings) to the free margins of the 
cusps of the atrioventricular valves (see figures 17.6 and 1 7.7a). 

A semiliinar (half-moon—shaped) valve is loeated at the base of 
the large blood vessels earrying blood away from the ventrieles. The 
aortie semilunar valve is in the aorta and the pulmonary semilimar 
valve is in the pulmonary trunk. Eaeh valve eonsists of three poeket- 
like semilunar cusps (see figures 17.6 and 17.7^). 

The left ventriele will be used to illustrate the operation of the 
heart valves. The right ventricular valves work in the same way. 
When the left ventriele relaxes, blood pushes the cusps of the 
bicuspid valve toward the ventriele, the valve opens, and blood 
flows into the ventriele. The ehordae tendineae are slaek when the 
valve is open (figure 17.8, step 1). When the ventriele is relaxed, 


blood in the aorta flows baek toward the ventriele and enters the 
poekets of the semilunar cusps, causing them to fill and expand. 
The semilunar cusps meet at the midline of the aorta and the semi- 
lunar valve eloses, preventing the backflow of blood into the ven- 
triele (figure 17.8, step 2). 

When the left ventriele eontraets, blood pushes the cusps of the 
bicuspid valve baek toward the atrium. When the cusps meet, the 
valve is elosed, preventing the backflow of blood into the atrium. The 
papillary muscles eontraet and the ehordae tendineae are drawn taut, 
preventing the cusps of the valve from moving backwards into the 
atria (figure 17.8, step 3). When the ventriele eontraets, blood pushes 
on the cusps of the semilunar valves, pushing blood out of them. As the 
cusps empty, they flatten against the wall of the aorta and the semilunar 
valve opens (figure 17.8, step 4). 
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(a) Left ventriele relaxed 


(b) Left ventriele eontraeted 


1. The bicuspid valve is open. The cusps of the valve are pushed by 
the blood into the ventriele, and blood flows into the ventriele.The 
ehordae tendineae are relaxed. 

2. The aortie semilunar valve is elosed. The cusps of the valve overlap 
as they are pushed by the blood in the aorta toward the ventriele. 
Backflow of blood into the ventriele is prevented. 

Proeess Figiire 17.8 Function of the Heart Valves 


3. The bicuspid valve is elosed.The cusps of the valves overlap as 
they are pushed by the blood toward the left atrium. The ehordae 
tendineae are tensed. Backflow of blood into the atrium is prevented. 

4. The aortie semilunar valve is open. The cusps of the valve are pushed 
by the blood toward the aorta, and blood flows into the aorta. 


12 Name the heart valves, give their loeations, and deseribe their 
structure. 

13 Deseribe how the heart valves operate, allowing blood to flow into 
and out of a ventriele, but preventing the backflow of blood. 

Route of Blood Flow Through the Heart 

The route of blood flow through the heart is depieted in figure 17.9. 
Even though blood flow through the heart is deseribed for the right 
and then the left side of the heart, it is important to understand that 
both atria and both ventrieles eontraet at the same time. Thus, the 
events deseribed for the right side of the heart take plaee at the same 
time as the events on the left side of the heart. 

Blood enters the right atrium from the systemie circulation 
through the superior and inferior venae eavae and from heart muscle 
through the eoronary sinus. Blood flows from the right atrium through 
the tricuspid valve into the right ventriele. Contraction of the right 
ventriele pushes blood through the pulmonary semilunar valves into 
the pulmonary trunk, which divides to form the left and right pulmo- 
nary arteries. The pulmonary arteries earry blood to the lungs, and 
four pulmonary veins return blood to the left atrium. Blood flows from 
the left atrium through the bicuspid valve into the left ventriele. 
Contraction of the left ventriele pushes blood through the aortie semi- 
lunar valves into the aorta. Blood flowing through the aorta is distrib- 
uted to the body and to the eoronary arteries supplying the heart. 


14 Starting at the venae eavae and ending at the aorta, deseribe the flow 
of blood through the heart. 

eongenital eonditions Affeeting the Heart 

Congenital (occurring at birth) heart disease is the result of 
abnormal development of the heart. A septal defeet is a hole in a 
septum between the left and right sides of the heart. The hole may 
be in the interatrial or interventricular septum. These defeets allow 
blood to flow from one side of the heart to the other and, as a eon- 
sequence, greatly reduce the pumping effeetiveness of the heart. 

Patent (to lie open) ductus arteriosus (duk'tus artèr'è-ó-siis) 
results when a blood vessel ealled the ductus arteriosus, which is pres- 
ent in the fetus, fails to elose after birth.The ductus arteriosus extends 
between the pulmonary trunk and the aorta. It allows blood to pass 
from the pulmonary trunk to the aorta, thus bypassing the lungs. This 
is normal before birth because the lungs are not functioning. If the 
ductus arteriosus fails to elose after birth, however, blood flows in the 
opposite direetion, from the aorta to the pulmonary trunk. As a eonse- 
quence, blood flows through the lungs under a higher pressure and 
damages them. In addition, the amount of work required of the left 
ventriele to maintain an adequate systemie blood pressure inereases. 
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Figlire 17.9 Blood Flow Through the Heart 



{a) Frontal seetion of the heart, revealing the four ehambers and the direetion of blood flowthrough the heart {purple numbers). 

{b) Diagram listing in order the structures through which blood flows in the systemie, pulmonary, and eoronary circulations.The heart valves are indieated by eireles: 
deoxygenated blood {blue), oxygenated blood {red). 


Blood Supply to the Heart 

Cardiac muscle in the wall of the heart is thiek and metabolieally 
very aetive. The eoronary circulation supplies eardiae muscle with 
blood (see figure 17.9^). Two eoronary arteries originate from the 
base of the aorta, just above the aortie semilunar valves (figure 
17.10T). The left eoronary artery originates on the left side of the 
aorta. It has two major branehes. The anterior interventricular 
artery lies in the anterior interventricular sulcus, and the circumflex 
artery extends around the eoronary sulcus on the left to the posterior 
surface of the heart. The branehes of the left eoronary artery supply 
the left atrium, most of the left ventriele, and part of the right ante- 
rior ventriele. The right eoronary artery originates on the right side 


of the aorta. It extends around the eoronary sulcus on the right to the 
posterior surface of the heart and gives rise to the posterior interven- 
tricular artery, which lies in the posterior interventricular sulcus. 
The right eoronary artery and its branehes supply the right atrium, 
most of the right ventriele, and part of the left posterior ventriele. 




Prediet the effeet on the heart of a blood elot that eompletely bloeks the flow 
of blood through the anterior interventricular artery if the blood elot forms in 
(1) the anterior interventricular artery just after it branehes from the eoronary 
artery and (2) the anterior interventricular artery at the apex of the heart. 
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Figlire 17.10 eoronary Circulation apìr 

(a) Arteries supplying blood to the heart.The arteries of the anterior surface are seen direetly and are darker in eolor; the arteries of the posterior surface are seen 
through the heart and are lighter in eolor. ( b ) Veins draining blood from the heart.The veins of the anterior surface are seen direetly and are darker in eolor; the veins of 
the posterior surface are seen through the heart and are lighter in eolor. 


The eardiae veins drain blood from the eardiae muscle. Their path- 
ways are nearly parallel to the eoronary arteries, and most drain 
blood into the eoronary sinus, a large vein loeated within the eoro- 
nary sulcus on the posterior aspeet of the heart. Blood flows from 
the eoronary sinus into the right atrium (figure 17.10^). Some small 
eardiae veins drain direetly into the right atrium. 

15 Starting at the left ventriele and ending at the right atrium, deseribe 
the flow of blood through the eoronary circulation. 

17.4 Histology of the Heart 

Fibrous Skeleton of the Heart 

The fibrous skeleton of the heart eonsists of a plate of fibrous eon- 
neetive tissue between the atria and ventrieles. This eonneetive tis- 
sue plate forms fibrous rings around the atrioventricular and 
semilunar valves and provides a solid support for them. The fibrous 
eonneetive tissue plate also provides a rigid site for attaehment of 
the eardiae muscles and serves as eleetrieal insulation between the 
atria and the ventrieles. 

16 Deseribe and list the functions of the heart skeleton. 


eardiae Muscle 

Cardiac muscle eells are elongated, branehing eells eontaining one, 
or oeeasionally two, eentrally loeated nuclei (figure 17.11). The 
eardiae muscle eells eontain aetin and myosin myofilaments orga- 
nized to form sareomeres, which are joined end-to-end to form 
myofibrils (see ehapter 8). The aetin and myosin myofilaments are 
responsible for muscle eontraetion, and their organization gives 
eardiae muscle a striated (banded) appearanee, much like that of 
skeletal muscle. However, the striations are less regularly arranged 
and less numerous than is the ease in skeletal muscle. 

Cardiac muscle eells have transverse (T) tubules, which 
extend into the interior of the eells. Assoeiated with the T tubules 
is sareoplasmie reticulum but, eompared with skeletal muscle, it 
is not as regularly arranged and there are no dilated terminal eister- 
nae. As in skeletal muscle, aetion potentials propagate down T 
tubules and stimulate the release of Ca 2+ from the sareoplasmie 
reticulum. The Ca 2+ initiate eontraetion by binding to troponin 
(see ehapter 8). In addition to the Ca 2+ from the sareoplasmie 
reticulum, eardiae muscle eells also require an influx of extracellular 
Ca 2+ for normal eontraetions. 

Adenosine triphosphate (ATP) provides the energy for eardiae 
muscle eontraetion, and eardiae muscle eells have more mitoehon- 
dria than skeletal muscle eells. Cardiac muscle eells rely on aerobie 
respiration to produce the ATP neeessary for eontraetions. 
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Figlire 17.11 Histology of the Heart apir| 

(a) Cardiac muscle eells are branehing eells with eentrally loeated nuclei. As in skeletal muscle, sareomeres join end-to-end to form myofibrils, and mitoehondria 
provide ATPfor eontraetion.The eells are joined to one another by interealated disks. Gap junctions in the interealated disks allow aetion potentials to pass from one 
eardiae muscle eell to the next. Sareoplasmie reticulum and T tubules are visible, but are not as numerous as they are in skeletal muscle. (b) A light mierograph of 
eardiae muscletissue.The eardiae muscle eells appear striated because ofthe arrangement ofthe individual myofilaments. 


Aeeordingly, they have an extensive blood supply for the delivery of 
oxygen and nutrients. Cardiac muscle eells have a limited ability to 
produce ATP through anaerobie glyeolysis. If blood delivery is 
inadequate to supply the oxygen needs of eardiae muscle eells, they 
quickly fatigue. 




Llnder resting eonditions, most of the ATP produced in eardiae muscle is 
derived from the metabolism of fatty aeids. During heavy exercise, however, 
eardiae muscle eells use laetie aeid as an energy source. Explain why this 
arrangement is an advantage. 


Cardiac muscle eells are bound end-to-end and laterally to adja- 
eent eells by speeialized eell-to-eell eontaets ealled interealated 
(in-ter'kà-là-ted, insertion between two others) disks (see figure 17.11). 
The membranes of the interealated disks are highly folded, and the 
adjaeent eells fit together, greatly inereasing eontaet between them 
and preventing eells from pulling apart. Gap junctions within the 
interealated disks form eleetrieal synapses (see ehapter 10), which 
allow aetion potentials to pass easily from one eell to another. Aetion 
potentials stimulate eardiae muscle eells to eontraet. Cardiac muscle 
eells eonneeted by interealated disks eontraet as a single unit because 
aetion potentials are rapidly propagated between the eells. The highly 
eoordinated eontraetions of the heart depend on this fimetional 
eharaeteristie. 

17 Compare eardiae muscle to skeletal muscle for sareomeres, myofibrils, 
sareoplasmie reticulum,T tubules, mitoehondria, and ATP production. 

18 Explain how eardiae muscle eells eontraet as a single unit. 


17.5 Eleetrieal Aetivity 

of the Heart 

Aetion Potentials 

Like aetion potentials in skeletal muscle and neurons, those in eardiae 
muscle exhibit depolarization followed by repolarization. In eardiae 
muscle, however, a period of slow repolarization greatly prolongs the 
aetion potential (figure 17.12). In eontrast to aetion potentials in 
skeletal muscle, which take less than 2 milliseeonds (ms) to eomplete, 
aetion potentials in eardiae muscle take approximately 200 to 500 ms 
to eomplete. 

In eardiae muscle, eaeh aetion potential eonsists of a 
depolarization phase followed by a rapid but partial early 
repolarization phase. This is followed by a longer period of slow 
repolarization, ealled the plateau phase. At the end of the plateau 
phase, a more rapid final repolarization phase takes plaee. During 
the final repolarization phase, the membrane potential aehieves its 
maximum degree of repolarization (see figure 17.12). 

Opening and elosing of voltage-gated ion ehannels are responsible 
for the ehanges in the permeability of the plasma membrane that pro- 
duce aetion potentials. The depolarization phase of the aetion potential 
results from three permeability ehanges. Sodium ion ehannels open, 
inereasing the permeability of the plasma membrane to Na + . Sodium 
ions then diffiise into the eell, causing depolarization. This depolariza- 
tion causes K + ehannels to elose quickly, deereasing the permeability 
of the plasma membrane to K + . The deereased diffusion of K + out of 
the eell causes fiirther depolarization. Calcium ion ehannels slowly 
open, inereasing the permeability of the plasma membrane to Ca 2+ . 
Calcium ions then diffiase into the eell and cause depolarization. It is 
not until the plateau phase that most of the Ca 2+ ehannels open. 
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When a blood elot, or thrombus 
(throm'bus, a elot), suddenly bloeks a eoro- 
nary blood vessel, a heart attaek, or eoro- 
nary thrombosis (throm'bó-sis), occurs. 
The area that has been cut off from its blood 
supply suffers from a laek of oxygen and 
nutrients and dies if the blood supply is not 
quickly reestablished. The region of dead 
heart tissue is ealled an infaret (in'farkt), or 
myoeardial infaretion. People who are at 
riskfor eoronary thromboses ean reduce the 
likelihood of heart attaek by taking small 
amounts of aspirin or other drugs daily, 
which inhibit thrombus formation (see 
ehapter 16). 

Aspirin is also administered to many 
people who are exhibiting elear symptoms 
of a heart attaek. In some eases, it is possible 
to treat heart attaeks with enzymes, such as 
streptokinase (strep-tó-kT'nàs) or tissue 
plasminogen (plaz-min'o-jen) aetivator 
(t-PA), which break down blood elots. One 
of the enzymes is injeeted into the circula- 
tory system of a heart attaek patient, where 
it reduces or removes the bloekage in the 
eoronary artery. If the elot is broken down 
quickly, the blood supply to eardiae muscle 
is reestablished, and the heart may suffer 
little permanent damage. 

Coronary arteries ean beeome bloeked 
more gradually by atheroselerotie (ath'er- 
ó-skler-ot'ik, athero, pasty material + sele- 
rosis, hardness) lesions. These thiekenings 
in the walls of arteries ean eontain deposits 
that are high in eholesterol and other lipids. 
The lesions narrow the lumen (opening) of 
the arteries, thus restrieting blood fìow (fìg- 
ure A). The ability of eardiae muscle to func- 
tion is reduced when it is deprived of an 



Disorders of eoronary Arteries and Their Treatments 




Occluded eoronary 


Figure A Angiogram 

An angiogram is a picture of a blood vessel. It is 
usually obtained by plaeing a eatheter into a blood 
vessel and injeeting a dye that ean be deteeted 
with x-rays. Note the partially occluded (bloeked) 
eoronary blood vessel in this angiogram, which has 
been computer-enhanced to show eolors. 


adequate blood supply. The person suffers 
from fatigue and often pain in the area of the 
ehest and usually in the left arm with the 
slightest exertion.The pain is ealled angina 
peetoris (an-jí'nà, pain, pek'tó-ris, in the 
ehest). Rest and drugs, such as nitroglyeerin, 
frequently relieve angina peetoris. Nitro- 
glyeerin dilates the blood vessels, including 
the eoronary arteries. Consequently, the 
drug inereases the oxygen supply to eardiae 
muscle. Nitroglyeerin also reduces the 
heart's workload because the heart has to 


pump blood against a smaller pressure 
when peripheral arteries are dilated. 

Angioplasty (an'jé-ò-plas-té) is a surgi- 
eal procedure in which a small balloon is 
threaded through the aorta and into a eoro- 
nary artery. After the balloon has entered a 
partially bloeked eoronary artery, it is inflat- 
ed, flattening the atheroselerotie deposits 
against the vessel wall and opening the 
bloeked blood vessel. This technique 
improves the function of eardiae muscle in 
patients suffering from inadequate blood 
flow to the eardiae muscle through the eoro- 
nary arteries. Some eontroversy exists about 
its effeetiveness, at least in some patients, 
because dilation of the eoronary arteries ean 
be reversed within a few weeks or months 
and because blood elots ean form in eoro- 
nary arteries following angioplasty. Small, 
rotating blades and lasers are also used to 
remove lesions from eoronary vessels, or a 
small eoil deviee, ealled a stent, is plaeed in 
the vessels to hold them open following 
angioplasty. 

A eoronary bypass is a surgical proee- 
dure that relieves the effeets of obstructions 
in the eoronary arteries. The technique 
involves taking healthy segments of blood 
vessels from other parts of the patient's 
body and using them to bypass, or ereate an 
alternative path around, obstructions in the 
eoronary arteries.The technique is eommon 
for those who suffer from severe bloekage of 
parts of the eoronary arteries. 


Mc 

Graw 





ANATOMY & PHYSIOLOGY 



Early repolarization occurs when the Na + ehannels elose and a 
small number of K + ehannels open. Diffusion of Na + into the eell 
stops, and there is some movement of K + out of the eell, which 
produces a small repolarization. 

The plateau phase occurs as Ca 2+ ehannels continue to open, and 
the diffusion of Ca 2+ into the eell counteracts the potential ehange 
produced by the difhasion of K + out of the eell. The plateau phase ends 
and hnal repolarization begins as the Ca 2+ ehannels elose, and many 
K + ehannels open. Difhasion of Ca 2+ into the eell deereases and difha- 
sion of K + out of the eell inereases. These ehanges cause the membrane 
potential to repolarize during the hnal repolarization phase. 


19 For eardiae muscle aetion potentials, deseribe ion movement during 
the depolarization, early repolarization, plateau, and final 
repolarization phases. 

Refraetory Periods 

Cardiac muscle, like skeletal muscle, has absolute and relative 
refraetory periods assoeiated with its aetion potentials. The abso- 
lute refraetory (ré-frak'tòr-é) period begins with depolarization 
and extends into the hnal repolarization phase. During the absolute 
refraetory period, the eardiae muscle eell is eompletely insensitive 
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Permeability ehanges during an aetion potential in 
skeletal muscle: 

1. Depolarization phase 

• Voltage-gated Na + ehannels open. 

• Voltage-gated K + ehannels begin to open. 

2. Repolarization phase 

• Voltage-gated Na + ehannels elose. 

• Voltage-gated K + ehannels continue to open. 

• Voltage-gated K + ehannels elose at the end of 
repolarization and return the membrane potential 
to its resting value. 


Permeability ehanges during an aetion potential in 
eardiae muscle: 

1. Depolarization phase 

• Voltage-gated Na + ehannels open. 

• Voltage-gated K + ehannels elose. 

• Voltage-gated Ca 2+ ehannels begin to open. 

2. Early repolarization and plateau phases 

• Voltage-gated Na + ehannels elose. 

• Some voltage-gated K + ehannels open, causing 
early repolarization. 

• Voltage-gated Ca 2+ ehannels are open, producing 
the plateau by slovving further repolarization. 

3. Final repolarization phase 

• Voltage-gated Ca 2+ ehannels elose. 

• Many voltage-gated K + ehannels open. 


Proeess Figure 17.12 eomparison of Aetion Potentials in Skeletal and eardiae Muscle 

{a) An aetion potential in skeletal muscle eonsists of depolarization and repolarization phases. ( b ) An aetion potential in eardiae muscle eonsists of depolarization, early 
repolarization, plateau, and final repolarization phases. Cardiac muscle does not repolarize as rapidly as skeletal muscle {indieatedby the breakin thecurve ) because of 
the plateau phase. 


to further stimulation. The relative refraetory period occurs during 
the last part of the final repolarization phase. During the relative 
refraetory period, the eell is sensitive to stimulation, but a greater 
stimulation than normal is required to cause an aetion potential. The 
absolute refraetory period is much longer in eardiae muscle than in 
skeletal muscle because of the long duration of the plateau phase in 
eardiae muscle. The long absolute refraetory period ensures that eon- 
traetion and most of relaxation are eomplete before another aetion 
potential ean be initiated. This prevents tetanus in eardiae muscle 
(see figure 8.14) and is responsible for rhythmie eontraetions. 

20 What causes a long absolute refraetory period in eardiae muscle? 

What does the length of the refraetory period prevent? 




Why is it important to prevent tetanie eontraetions in eardiae muscle but not in 
skeletal muscle? 


Autorhythmicity of eardiae Muscle 

The heart is said to be aiitorhythmie (aw'tó-rith'mik) because it 
stimulates itself ( auto ) to eontraet at regular intervals ( rhythmie ). If 
the heart is removed from the body and maintained under 
physiologieal eonditions with the proper nutrients and temperature, 
it ean continue to beat autorhythmically. 

Some eardiae muscle eells have the ability to generate aetion poten- 
tials spontaneously. When these aetion potentials propagate to other 
eardiae muscle eells, the aetion potentials stimulate them to eontraet. 
The sinoatrial (SA) node is a eolleetion of eardiae muscle eells eapable 
of spontaneously generating aetion potentials (see “Conducting 
System of the Heart,” next seetion). The SA node is ealled the paee- 
maker of the heart because it ean spontaneously generate aetion poten- 
tials faster than any other part of the heart. Aetion potentials generated 
by the SA node cause the heart to eontraet and thus determine heart 
rate, the number of beats (eontraetions) per minute (bpm). 

As soon as an aetion potential ends, the production of the next 
aetion potential begins with a slowly developing loeal potential, 
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ealled the prepotential. Sodium ions enter the eell through Na + 
leak ehannels, causing a small depolarizing voltage ehange aeross 
the plasma membrane. As a result of the depolarization, voltage- 
gated Ca 2+ ehannels open, and the movement of Ca 2+ into the 
paeemaker eells causes further depolarization. This depolarization 
causes additional voltage-gated Ca 2+ ehannels to open. When the 
prepotential reaehes threshold, many voltage-gated Ca 2+ ehannels 
open. Unlike other eardiae muscle eells, the movement of Ca 2+ 
into the paeemaker eells is primarily responsible for the depolariza- 
tion phase of the aetion potential. Repolarization occurs, as in 
other eardiae muscle eells, when the Ca 2+ ehannels elose and the 
K + ehannels open. 

The duration of the prepotential determines the heart rate. As 
the duration of the prepotential deereases, the time between aetion 
potentials deereases and heart rate inereases. For example, epi- 
nephrine and norepinephrine inerease the heart rate by opening 
voltage-gated Ca 2+ ehannels, which deereases the duration of the 
prepotential by inereasing the movement of Ca 2+ into eells. 

21 Define outorhythmic and heartrate. 

22 Why is the SA node ealled the paeemaker of the heart? 

23 Deseribe the production of the prepotential. How does the duration 
of the prepotential in the SA node determine heart rate? 


f > ! 

Drags that Bloek Calcium ehannels 

Calcium ehannel bloekers are drugs that bloek the movement 
ofCa 2+ through voltage-gated Ca 2+ ehannels. Consequently, the 
duration of the prepotential inereases, and heart rate slows. Calcium 
ehannel bloekers also reduce the amount of work performed by the 
heart because fewer Ca 2+ enter eardiae muscle eells to aetivate the 
eontraetile meehanism. Various eardiae disorders, including taehy- 
eardia (rapid heart rate) and eertain arrhythmias, are treated with 
calcium ehannel bloekers. 


Conducting System of the Heart 

Effeetive pumping of blood through the heart depends on eoordi- 
nated eontraetion of the atria and ventrieles. The atria eontraet, mov- 
ing blood into the ventrieles. Then the ventrieles eontraet, moving 
blood to the lungs and body. The conducting system of the heart, 
which eonsists of speeialized eardiae muscle eells, stimulates the atria 
and ventrieles to eontraet by relaying aetion potentials through the 
heart (figure 17.13). 

The sinoatrial (SA) node is loeated medial to the opening of the 
superior vena eava. Aetion potentials originating in the SA node spread 
over the right and lefi: atria, causing them to eontraet. Some of these 


1. Aetion potentials originate in the 
sinoatrial (SA) node (the paeemaker) 
and travel aeross the wall of the atrium 
( arrows ) from the SA node to the 
atrioventricular (AV) node. 


2. Aetion potentials pass through the AV 
node and along the atrioventricular (AV) 
bundle, which extends from the AV 
node, through the fibrous skeleton, into 
the interventricular septum. 


3. The AV bundle divides into right and left 
bundle branehes, and aetion potentials 
deseend to the apex of eaeh ventriele 
along the bundle branehes. 


4. Aetion potentials are earried by the 
Purkinje fibers from the bundle 
branehes to the ventricular walls and 
papillary muscles. 


Sinoatrial 
(SA) node 


Left atrium 


Atrioventricular 
(AV) node 


Purkinje 

fibers 



Atrioventricular 
(AV) bundle 


Left and right 
bundle branehes 


Left ventriele 


Proeess Figure 17.13 Conducting system of the Heart apìR 
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eiinieal 


Condition 

Symptoms 

Possible Causes 

Abnormal Heart Rhythms 

Taehyeardia 

Heart rate in excess of 100 beats per minute (bpm) 

Elevated body temperature, excessive sympathetie 
stimulation, toxic eonditions 

Bradyeardia 

Heart rate less than 60 bpm 

inereased stroke volume in athletes, excessive vagus 
nerve stimulation, nonfunctional SA node, earotid 
sinus syndrome 

Sinus arrhythmia 

Heart rate varies as much as 5% during 
respiratory eyele and up to 30% during 
deep respiration 

Cause not always known; oeeasionally caused by 
isehemia, inflammation, or eardiae failure 

Paroxysmal atrial taehyeardia 

Sudden inerease in heart rate to 95-150 bpm 
for a few seeonds or even for several hours; 

P waves preeede every QRS complex; P wave 
inverted and superimposed on T wave 

Excessive sympathetie stimulation, abnormally 
elevated permeability of eardiae muscle to Ca 2+ 

Atrial flutter 

As many as 300 P waves/min and 125 QRS 
complexes/min; resulting in two orthree 

P waves (atrial eontraetions) for every QRS 
complex (ventricular eontraetion) 

Eetopie beats in the atria 

Atrial fibrillation 

No P waves, normal QRS and T waves, irregular 
timing, ventrieles are eonstantly stimulated by 
atria, reduced ventriele filling; inereased 
ehanee of fibrillation 

Eetopie beats in the atria 

Ventricular taehyeardia 

Frequently causes fibrillation 

Often assoeiated with damage to AV node 
or ventricular muscle 

Heart Bloeks 

SA node bloek 

No P waves, low heart rate resulting from AV 
node aeting as the paeemaker, normal QRS 
complexes and T waves 

isehemia, tissue damage resulting from infaretion; 
cause sometimes is unknown 

AV node bloeks 

First-degree 

PQ interval greaterthan 0.2 s 

Inflammation of AV bundle 

Seeond-degree 

PQ interval 0.25-0.45 s; some P waves trigger 

QRS complexes and others do not; examples 
of 2:1, 3:1, and 3:2 P wave/QRS complex ratios 

Excessive vagus nerve stimulation, AV node damage 

Complete heart bloek 

P wave dissoeiated from QRS complex, atrial 
rhythm about 100 bpm, ventricular rhythm 
less than 40 bpm 

isehemia of AV node or eompression of AV bundle 

Premature Contractìons 

Premature atrial eontraetions 

Oeeasional shortened intervals between one 
eontraetion and the succeeding eontraetion; 
frequently occurs in healthy people 

Excessive smoking, laek of sleep, or too nrmeh eaffeine 

Premature ventricular 

Prolonged QRS complex, exaggerated voltage 

Eetopie beat in ventrieles, laek of sleep, too much 

eontraetions (PVCs) 

because only one ventriele may depolarize, 
possible invertedT wave, inereased probability 
of fibrillation 

eoffee, irritability; oeeasionally occurs with 
eoronary thrombosis 
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beat. For example, in an SA node bloek, the 
SA node no longer functions as the paee- 
maker of the heart. Instead, another part of 
the heart, such as the AV node, beeomes the 
paeemaker.The resulting heart rate is much 
slower than normal. In an AV bloek, the 
transmission of aetion potentials through 
the AV node is slowed or bloeked eom- 
pletely. Depending on the severity of the 
bloek, the time between atrial and ventricu- 
lar eontraetions inereases, the atria eontraet 
two or three times for eaeh ventricular eon- 
traetion, or the atria and ventrieles eontraet 
independently of eaeh other. 

Cardiac muscle ean also aet as if there 
were thousands of paeemakers, eaeh mak- 
ing a very small portion of the heart eontraet 
rapidly and independently of all other areas. 
This eondition is ealled fìbrillation (fì-bri- 


là'shíin), and it reduces the output of the 
heart to only a few milliliters of blood per 
minute when it occurs in the ventrieles. 
Death of the individual results in a few min- 
utes unless fibrillation of the ventrieles is 
stopped. To stop the proeess of fìbrillation, 
defìbrillation is used, in which a strong elee- 
trieal shoek is applied to the ehest region. 
The eleetrieal shoek causes the simultane- 
ous depolarization of most eardiae muscle 
eells. Following depolarization, the SA node 
ean reeover and produce aetion potentials 
before any other area of the heart. Conse- 
quently, the normal pattern of aetion poten- 
tial generation and the normal rhythm of 
eontraetion ean be reestablished. 

An artifìeial paeemaker is an instrn- 
ment plaeed beneath the skin; it is equipped 
with an eleetrode that extends to the heart. 


An artifieial paeemaker provides an eleetri- 
eal stimulus to the heart at a set frequency. 
Artifìeial paeemakers are used in patients in 
whom the natural paeemaker of the heart 
does not produce a heart rate high enough 
to sustain normal physieal aetivity. Modern 
eleetronies has made it possible to design 
artifieial paeemakers that ean inerease the 
heart rate as physieal aetivity inereases. In 
addition, speeial artifieial paeemakers ean 
defìbrillate the heart if it beeomes arrhyth- 
mie. It is likely that rapid development of 
eleetronies for artifieial paeemakers will fur- 
ther inerease the degree to which the paee- 
makers ean regulate the heart. 



ANATOMY & PHYSIOLOGY 


aetion potentials reaeh the atrioventricular (AV) (à-trè-ò-ven'trik'-u'lár) 
node, loeated in the lower portion of the right atrium. Aetion poten- 
tials propagate slowly through the AV node before moving on to 
stimulate the ventrieles to eontraet. The slow rate of aetion potential 
conduction in the AV node delays the transmission of aetion potentials 
to the ventrieles for approximately 0.11 see. This delay allows the atria 
to eomplete their eontraetion before the ventrieles eontraet. 

The AV node gives rise to the atrioventricular (AV) bundle, 
which passes through a small opening in the íibrous skeleton of the 
heart to reaeh the interventricular septum. The fibrous skeleton eleetri- 
eally separates the atria and ventrieles so that aetion potentials spread- 
ing through the atria do not cause the ventrieles to eontraet at the same 
time as the atria. Thus, only aetion potentials transmitted through the 
conducting system of the heart normally cause the ventrieles to eon- 
traet, allowing atria and ventricular eontraetions to be eoordinated. 

The AV bundle divides at the interventricular septum to form the 
right and left bundle branehes, which extend to the apex of the heart. 
Many small bundles of Purkinje (pur-kín'jé) fibers pass from the tips of 
the right and left bundle branehes to the apex of the heart and then 
extend superiorly to the eardiae muscle of the ventricular walls. The AV 
bundle, the bundle branehes, and the Purkinje fibers are eomposed of 
speeialized eardiae muscle eells that conduct aetion potentials very rap- 
idly. Consequently, ventricular eontraetion begins at the apex and pro- 
gresses superiorly throughout the ventrieles. This aetion pushes blood 
superiorly out the pulmonary trunk and aorta. 


Prediet 



lf the blood supply were reduced in a small area of the heart through which the 
left bundle braneh passed, prediet the effeet on ventricular eontraetions. 


24 What is the function of the conducting system of the heart? 

25 What is aeeomplished by the delay of aetion potential transmission 
through the AV node? 

26 What is the benefit of the eleetrieal isolation of the atria from the 
ventrieles by the fibrous skeleton of the heart? 

27 What is the effeet of the rapid transmission of aetion potentials 
through the AV bundle, the bundle branehes, and the Purkinje fibers 
on ventricular eontraetion? 


Eleetroeardiogram 

Aetion potentials conducted through the heart as it eontraets and 
relaxes produce eleetrie currents that ean be measured at the sur- 
faee of the body. Eleetrodes plaeed on the surface of the body and 
attaehed to a reeording deviee ean deteet the small eleetrieal 
ehanges resulting from the aetion potentials in all of the eardiae 
muscle eells. The reeord of these eleetrieal events is an eleetroear- 
diogram (ECG or EKG) (figure 17.14). Note that ECGs reeord 
the summed effeet of all the aetion potentials in the heart. They do 
not reeord individual aetion potentials. 

A normal ECG eonsists of a P wave, a QRS complex, and a T 
wave (see figure 17.14). The P wave results from depolarization of 
the atrial myocardium, and the beginning of the P wave preeedes the 
onset of atrial eontraetion. The QRS complex eonsists of three indi- 
vidual waves: the Q, R, and S waves. The QRS complex results from 
depolarization of the ventrieles, and the beginning of the QRS eom- 
plex preeedes ventricular eontraetion. The T wave represents repolar- 
ization of the ventrieles, and the beginning of the T wave preeedes 
ventricular relaxation. A wave representing repolarization of the atria 
eannot be seen because it occurs during the QRS complex. 
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QRS complex 
(ventrieiilar depolarization) 


R 



E 



T wave 

(ventricular repolarization) 


P wave 

(atrial depolarization) 



S 


PQ interval 


QT interval 


Time (seeonds) 


Figure 17.14 Eleetroeardiogram 

The major waves and intervals of an eleetroeardiogram. Eaeh thin horizontal 
line on the ECG reeording represents 1 mV, and eaeh thin vertieal line 
represents 0.04 seeond. 


The time between the beginning of the P wave and the beginning 
of the QRS complex is the PQ interval, eommonly ealled the PR 
interval because the Qwave is very small. During the PQinterval the 
atria eontraet and begin to relax. At the end of the PQ interval the 
ventrieles begin to depolarize. 

The QT interval extends from the beginning of the QRS eom- 
plex to the end of the T wave and represents the length of time 
required for ventricular depolarization and repolarization. 



The ECG as a Diagnostie Tool 

The ECG is not a direet measurement of meehanieal events in the 
heart, and neither the foree of eontraetion nor the blood pressure ean 
be determined from it. Eaeh defleetion in the ECG reeord, however, 
indieates an eleetrieal event within the heart and eorrelates with a 
subsequent meehanieal event. Consequently, it is an extremely valu- 
able diagnostie tool in identifying a number of eardiae abnormalities, 
particularly because it is painless, is easy to reeord, and does not 
require surgical procedures. Abnormal heart rates or rhythms; abnor- 
mal conduction pathways, such as bloekages in the conduction 
pathways; hypertrophy or atrophy of portions of the heart; and the 
approximate loeation of damaged eardiae muscle ean be determined 
from the analysis of an ECG. 


28 What does an ECG measure? Name the waves produced by an ECG, 
and state what events occur during eaeh wave. 


17.6 eardiae Cycle 

Tbe heart ean be viewed as two separate pumps represented by the right 
and left halves of the heart. Eaeh pump eonsists of a primer pump—the 
atrium—and a power pump—the ventriele. The atria aet as primer 
pumps because they eomplete the filling of the ventrieles with blood, 
and the ventrieles aet as power pumps because they produce the major 
foree that causes blood to flow through the pulmonary and systemie 
circulations. The term eardiae eyele refers to the repetitive pumping 
proeess that begins with the onset of eardiae muscle eontraetion and 
ends with the beginning of the next eontraetion (figure 17.15). Pressure 
ehanges produced within the heart ehambers as a result of eardiae 
muscle eontraetion are responsible for blood movement because blood 
moves from areas of higher pressure to areas of lower pressure. 

Overview of Systole and Diastole 

Atrial systole (sis'tò-lé, a eontraeting) refers to eontraetion of the two 
atria. Ventricular systole refers to eontraetion of the two ventrieles. 
Atrial diastole (dl-as'tò-lé, dilation) refers to relaxation of the two 
atria, and ventricular diastole refers to relaxation of the two ventri- 
eles. When the terms systole and diastole are used without referenee 
to the atria or ventrieles, they refer to ventricular eontraetion or relax- 
ation. The ventrieles eontain more eardiae muscle than the atria and 
produce far greater pressures, which foree blood to circulate through- 
out the vessels of the body. 

Just before systole begins, the atria and ventrieles are relaxed, the 
ventrieles are filled with blood, the semilunar valves are elosed, and 
the AV valves are open. As systole begins, eontraetion of the ventrieles 
inereases ventricular pressures, causing blood to flow toward the atria 
and elose the AV valves. As eontraetion proeeeds, ventricular pressures 
continue to rise, but no blood flows from the ventrieles because all the 
valves are elosed. Thus, ventricular volume does not ehange, even 
though the ventrieles are eontraeting (see figure 17.15, step 1). 


Prediet 



As the ventrieles eontraet while the AV and semilunar valves are elosed, is the 
eardiae muscle eontraeting isotonieally or isometrieally? 


As the ventrieles continue to eontraet, ventricular pressures beeome 
greater than the pressures in the pulmonary trunk and aorta. As a 
result, the semilunar valves are pushed open and blood flows from 
the ventrieles into those arteries (see figure 17.15, step 2). 

As diastole begins, the ventrieles relax and ventricular pressures 
deerease below the pressures in the pulmonary trunk and aorta. 
Blood begins to flow baek toward the ventrieles, causing the semilu- 
nar valves to elose (see figure 17.15, step 3). With closure of the 
semilunar valves, all the heart valves are elosed and no blood flows 
into the relaxing ventrieles. 

Throughout systole and the beginning of diastole, the atria relax 
and blood flows into them from the veins. When ventricular pressures 
beeome lower than atrial pressures, the AV valves open and blood flows 
from the atria into the relaxed ventrieles (see figure 17.15, step 4). 
Most ventricular filling occurs as a result of this passive flow of blood 
during the first two-thirds of diastole. The remainder of ventricular 
filling occurs when the atria eontraet and push blood into the ventri- 
eles (see figure 17.15, step 5). During exercise, atrial eontraetion is 
















Semiliinar 
valves elosed 


AV valves 
elosed 


Semilunar 
valves opened 


AV valves 
elosed 


1. Systole:AV valves elose. Ventricular eontraetion causes 
ventricular pressure to inerease and causes the AV valves 
to elose, which is the beginning of ventricular systole. The 
semilunar valves were elosed in the previous diastole. 



Semilunar 
valves elosed 


AV valves 
opened 


5. Diastole: aetive ventricular filling. The atria eontraet, inereasing 
atrial pressure and eompleting ventricular filling while the 
ventrieles are relaxed. 



2. Systole: semilunar valves open. Continued ventricular 
eontraetion causes a greater inerease in ventricular 
pressure, which pushes blood out of the ventrieles, 
causing the semilunar valves to open. Blood is ejeeted 
from the ventrieles. 



3. Diastole: semilunar valves elose. As the 
ventrieles begin to relax at the beginning of 
ventricular diastole, blood flowing baek from the 
aorta and pulmonary trunk toward the relaxing 
ventrieles causes the semilunar valves to elose. 
Note that the AV valves are elosed also. 


Semilunar 
valves elosed 



AV valves 
opened 


4. Diastole: AV valves open. As ventricular relaxation 
continues, the AV valves open and blood flows from 
the atria into the relaxing ventrieles, accounting for 
most of the ventricular filling. 

Proeess Figure 17.15 eardiae eyeie !ap;r 

The eardiae eyele is a repeating series of eontraetion and relaxation that moves blood through the heart (AV = atrioventricular). 
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more important for ventrieiilar filling because, as heart rate inereases, 
less time is available for passive ventricular filling. 

29 Define systole and diastole. 

30 Deseribe the opening and elosing of the AV and semiliinar valves 
during the eardiae eyele. 

31 When does most ventricular filling occur? 


Events Occurring During 
Ventricular Systole 

Figure 17.16 displays the main events of the eardiae eyele in 
graphie form and should be examined from top to bottom for 
systole and diastole. An ECG indieates the eleetrieal events that 
cause eontraetion and relaxation of the atria and ventrieles. The 
pressure graph shows the pressure ehanges within the left atrium, 


Time periods: 
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Systole 
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Figlire 17.16 Events Occurring During the eardiae eyele 

The eardiae eyele is divided into ventricular systole and diastole (see top off\gurè). Within systole and diastole, four graphs are presented. From top to bottom, the eleetro- 
eardiogram; pressure ehangesforthe leftatrium ( blueline ), left ventriele {blaekline), and aorta ( redline ); left ventricular volume curve;and heart soundsare illustrated. 
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left ventriele, and aorta resulting from atrial and ventricular eon- 
traetion and relaxation. Although pressure ehanges in the right 
side of the heart are not shown, they are similar to those in the left 
side, only lower. The volume graph presents the ehanges in left 
ventricular volume as blood flows into and out of the left ventriele 
as a result of the pressure ehanges. The sound graph reeords the 
elosing of valves caused by blood flow. Table 17.2 summarizes the 
events of systole and diastole. 

Ventricular depolarization produces the QRS complex and initi- 
ates eontraetion of the ventrieles. Ventricular pressure rapidly inereases, 
resulting in closure of the AV valves. During the previous ventricular 
diastole, the ventrieles were filled with blood, which is ealled the 
end-diastolie volume. At first, ventricular volume does not ehange 
because all the heart valves are elosed. As soon as ventricular pressures 
exceed the pressures in the aorta and pulmonary trunk, the semilunar 
valves open. The aortie semilunar valve opens at approximately 
80 mm Hg ventricular pressure, whereas the pulmonary semilunar 


valve opens at approximately 8 mm Hg. Although the pressures are 
different, both valves open at nearly the same time. As blood flows 
from the ventrieles, the left ventricular pressure continues to elimb to 
approximately 120 mm Hg, and the right ventricular pressure 
inereases to approximately 22 mm Hg. The higher pressure generated 
by the left ventriele is neeessary to move blood through the larger 
systemie circulation. A lower pressure is adequate to move blood 
through the smaller pulmonary circulation (see figure 17.1). 


Prediet 



Which ventriele has the thiekest wall? Why is it important for eaeh ventriele to 
pump approximately the same volume of blood? 


At first, blood flows rapidly out of the ventrieles. Toward the end 
of systole, very little blood flow occurs, which causes the ventricular 
pressure to deerease despite continued ventricular eontraetion. As 


Table 17.2 

r 

Summary of Events of the eardíae eyele for the Left Atrium and ventriele 

(See Figure 17.16) 

1 

À 


Ventricular Systole 

Ventricular Diastole 


ECG 

The QRS complex is eompleted and the 
ventrieles are stimulated to eontraet. 

TheT wave begins. 

The T wave is eompleted and the ventrieles relax. 

Then the P wave stimulates the atria to eontraet, 
after which they relax. 



Ventricular pressure 
curve ( blaek ) 


Aortie pressure curve ( red) 


Atrial pressure curve ( blue ) 


Volume graph 


Sound graph 


Pressure inereases rapidly as a result of left 
ventricular eontraetion. When left ventricular 
pressure exceeds aortie pressure, blood pushes 
the aortie semilunar valve open. Continued 
eontraetion inereases ventricular pressure to a 
peak value of 120 mm Hg. Ventricular pressure 
then deereases as blood flows out of the 
left ventriele into the aorta. 


As ventricular eontraetion forees blood into 
the aorta, pressure in the aorta inereases to 
its highest value (120 mm Hg), ealled the 
systolie pressure. 


Atrial pressure inereases slightly as eontraetion 
of the left ventriele pushes blood through the 
aorta and toward the left atrium. After closure of 
the bicuspid valve, pressure drops in the left 
atrium as it relaxes, then inereases as blood flows 
into the left atrium from the four pulmonary veins. 

Blood pushes the aortie semilunar valve open, 
blood is ejeeted from the left ventriele, 
and ventricular volume deereases.The 
amount of blood left in the ventriele is 
the end-systolie volume. 


As eontraetion of the ventrieles pushes 
blood toward the atria, the AV valves elose, 
preventing the flow of blood into the atria 
and producing the first heart sound. 


Ventricular pressure deereases rapidly to 
nearly zero as the left ventriele relaxes. 


Ventricular pressure deereases below aortie pressure. 
Blood flows baek toward the left ventriele and the 
aortie semilunar valve eloses. As blood flows out of 
the aorta toward the body, elastie reeoil of the aorta 
prevents a sudden deerease in pressure. Just 
before the aortie semilunar valve opens, 
pressure in the aorta deereases to its lowest 
value (80 mm Hg), ealled the diastolie pressure. 

Afterthe bicuspid valve opens, pressure 
deereases slightly as blood flows into the 
left ventriele. At the end of ventricular 
diastole, eontraetion of the left atrium 
inereases the pressure slightly. 


Blood flows from the left atrium into the left 
ventriele, accounting for 70% of ventricular 
filling. Near the end of ventricular diastole, 
eontraetion of the left atrium pushes blood 
into the left ventriele, eompleting ventricular 
filling.The amount of blood in the filled 
ventriele is the end-diastolie volume. 


As blood fìows baek toward the heart, the 
semilunar valves elose, preventing the flow 
of blood into the ventrieles and producing 
the seeond heart sound. 
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systole ends, the voltime of blood remaining in the ventriele is ealled 

the end-systolie volume. 

32 Deseribe the relationship among the QRS complex, inereased 
ventricular pressure, and deereased ventricular volume. 

33 Define end-diostolie volume and end-systolie volume. 


Events Occurring During 
Ventricular Diastole 

Ventricular repolarization produces the T wave and the ventrieles 
relax. The already deereasing ventricular pressure falls very rapidly as 
the ventrieles suddenly relax. When the ventricular pressures fall 
below the pressures in the aorta and pulmonary trunk, the reeoil of 
the elastie arterial walls, which were stretehed during the period of 
ejeetion, forees the blood to flow baek toward the ventrieles, thereby 
elosing the semilunar valves. Ventricular volume does not ehange at 
this time because all the heart valves are elosed. 

When ventricular pressure drops below atrial pressure, the atrio- 
ventricular valves open and blood flows from the area of higher pres- 
sure in the veins and atria toward the area of lower pressure in the 
relaxed ventrieles, which deereases to nearly 0 mm Hg. Approximately 
70% of ventricular filling occurs during the first two-thirds of diastole. 


Prediet 



Fibrillation is abnormal, rapid eontraetions of different parts of the heart that 
prevent the heart muscle from eontraeting as a single unit. Explain why atrial 
fibrillation does not immediately cause death but ventricular fìbrillation does. 


Depolarization of the SA node generates aetion potentials that 
spread over the atria, producing the P wave and stimulating both 
atria to eontraet (atrial systole). The atria eontraet during the last 
one-third of diastole and eomplete ventricular filling. Under most 
eonditions, the atria fimetion primarily as reservoirs, and the ventri- 
eles ean pump sufficient blood to maintain homeostasis even if the 
atria do not eontraet at all. During exercise, however, the heart 
pumps 300%—400% more blood than during resting eondition. It is 
under these eonditions that the pumping aetion of the atria beeomes 
important in maintaining the pumping effieieney of the heart. 

34 Deseribe the relationship among theT wave, deereased ventricular 
pressure, and inereased ventricular volume. 

35 Deseribe the relationship among the P wave, inereased ventricular 
pressure, and inereased ventricular volume. 


Aortie Pressure Curve 

As the ventrieles eontraet and push blood into the aorta, aortie pres- 
sure inereases to a maximum value ealled the systolie pressure, which 
is approximately 120 mm Hg (see figure 17.16). Even though ven- 
tricular pressure drops below aortie pressure as the ventriele relaxes, 
the forward momenmm of the ejeeted blood maintains aortie pressure 
and prevents the backflow of blood into the ventriele. The higher 
pressure in the aorta eventually slows and then reverses the flow of 
blood, which moves baek toward the ventriele, elosing the aortie 


semilunar valve. Elastie reeoil of the aorta prevents a large inerease in 
aortie pressure and moves blood through the systemie circulation. 
Elastie reeoil also moves blood baek toward the left ventriele and pres- 
sure within the aorta inereases slightly, producing a dierotie (dl- 
krot'ik) noteh in the aortie pressure curve (see figure 17.16). The 
term dierotie means double-beating; when inereased pressure caused 
by reeoil is large, a double pulse ean be felt. 

Aortie pressure gradually falls throughout the rest of ventricular 
diastole as blood flows through the peripheral vessels. Aortie pressure 
deereases to a minimum value ealled diastolie pressure, which is 
approximately 80 mm Hg. The blood pressure in the aorta fluctuates 
between systolie and diastolie pressure. Blood pressure measurements 
performed for elinieal purposes refleet the pressure ehanges that 
occur in the aorta rather than in the left ventriele (see ehapter 18). 
Arterioselerosis is a hardening of the arteries that occurs with age. 
The deereased elastieity of the aorta results in less expansion of the 
aorta when blood is injeeted into it, producing high blood pressure. 

36 Explain the production in the aorta of systolie pressure, diastolie 
pressure, and the dierotie noteh. 


Heart Sounds 

Distinet sounds are heard when a stethoseope (steth' ó-skóp, view the 
ehest) is used to listen to the heart (figure 17.17). The first heart sound 
is a low-pitched sound, often deseribed as a a lubb” sound. It is caused 
by vibration of the AV valves and surrounding fluid as the valves elose 
at the beginning of ventricular systole (see figure 17.16). 

The seeond heart sound is a higher-pitehed sound often 
deseribed as a a dupp” sound. It results from closure of the aortie and 
pulmonary semilunar valves, at the beginning of ventricular diastole 
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Figure 17.17 Loeation of the Heart valves in the Thorax 

Surface markings of the heart in the male.The positions of the four heart valves 
are indieated by blue ellipses, and the sites wherethe sounds ofthe valves are 
best heard with the stethoseope are indieated by pinkeireles. 
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(see figiire 17.16). Systole is, therefore, approximately the time 
between the first and seeond heart sounds. Diastole, which lasts some- 
what longer, is approximately the time between the seeond heart sound 
and the next first heart sound. 

Abnormal heart sounds ealled murmurs are usually a result of 
faulty valves. For example, an ineompetent valve fails to elose tightly 
and blood leaks through the valve when it is elosed. A murmur 
caused by an ineompetent valve makes a swishing or gurgling sound 
immediately after closure of the valve. When the opening of a valve is 
narrowed, or stenosed (sten'ozd, a narrowing), a rnshing sound 
preeedes closure of the stenosed valve. 




If normal heart sounds are represented by lubb-dupp, lubb-dupp, what do 
heart sounds represented by lubb-duppshhh, lubb-duppshhh represent (as- 
sume that shhh represents an abnormal sound)? Heart sounds represented by 
shhhlubb-dupp, shhhlubb-dubb? Be speeifie as to type of murmur and type of 
valve affeeted. 



Heart Murmurs 

Inflammation of the heart valves, resulting from eonditions such as 
rheumatic fever, ean cause valves to beeome ineompetent or stenosed. 

In addition, myoeardial infaretions that make papillary muscles non- 
functional ean cause bicuspid or tricuspid valves to be ineompetent. 
Age-related ehanges in the eonneetive tissue of the heart valves ean 
produce defeetive valves. Heart murmurs also result from eongenital 
abnormalities in the hearts of infants. For example, septal defeets in the 
heart and patent ductus arteriosus result in distinet heart murmurs. 

ineompetent valves inerease the workload of the heart because 
the backflow of blood into a heart ehamber inereases the volume of 
blood in the ehamber. Thus, the ehamber must pump more blood 
with eaeh eontraetion. Stenosed valves inerease the workload of the 
heart because a stronger eontraetion is needed to push blood through 
the narrowed valve. inereased workload of the heart causes hypertro- 
phy of the affeeted ehamber and ean lead to heart failure. 

An ineompetent bicuspid valve allows blood to flow baek into the 
left atrium from the left ventriele during ventricular systole. This 
inereases the pressure in the left atrium and pulmonary veins, which 
results in pulmonary edema. Also, the stroke volume of the left ventriele 
is reduced, which causes a deerease in systolie blood pressure. Similarly, 
an ineompetent tricuspid valve allows blood to flow baek into the right 
atrium and systemie veins, causing edema in the periphery. 

An ineompetent aortie semilunar valve allows blood to flow 
from the aorta into the left ventriele during diastole. Thus, the left 
ventriele fills with blood to a greater degree than normal. The ejee- 
tion of the greater volume of blood into the aorta causes a greater- 
than-normal systolie pressure. Diastolie pressure, however, deereases 
below normal as blood rapidly leaks baek into the ventriele. 

Stenosis of the bicuspid valve prevents the flow of blood into the 
left ventriele, causing blood to baek up in the left atrium and the 
lungs, resulting in edema in the lungs. Stenosis of the tricuspid valve 


causes blood to baek up in the right atrium and systemie veins, caus- 
ing edema in the periphery. 

Surgical repair or replaeement of defeetive valves is possible. 
Substitute valves made of synthetie materials such as plastie or 
Daeron are effeetive; valves transplanted from pigs are also used. 

37 What produces the first and seeond heart sounds? 

38 Name two types of valve problems that cause heart murmurs. 

17.7 Mean Arterial Blood 

Pressure 

Blood pressure is neeessary for blood movement and, therefore, is 
eritieal to the maintenanee of homeostasis. Blood flows from areas of 
higher pressure to areas of lower pressure. For example, during one 
eardiae eyele, blood flows from the higher pressure in the aorta, 
resulting from eontraetion of the left ventriele, toward the lower 
pressure in the relaxed right atrium. 

Mean arterial pressure (MAP) is the average pressure in the 
aorta. It is proportional to eardiae output (CO) times peripheral 
resistanee (PR). 

MAP = CO X PR 

Cardiac output is the amount of blood pumped by the heart per 
minute, and peripheral resistanee is the total resistanee against which 
blood must be pumped. Changes in eardiae output and peripheral 
resistanee ean alter mean arterial pressure. Cardiac output is discussed 
in this ehapter, and peripheral resistanee is explained in ehapter 21. 

Cardiac output is equal to heart rate (HR) times stroke 
volume (SV). 

CO = HR X SV 

Heart rate is the number of times the heart beats (eontraets) per minute, 
and stroke volume is the volume of blood pumped during eaeh heart- 
beat (eardiae eyele). Stroke volume is equal to end-diastolie volume 
minus end-systolie volume. At rest, end-diastolie volume, the volume of 
blood in the relaxed ventriele just before it eontraets, is 125 mL. End- 
systolie volume, the volume of blood left in the ventriele after it eon- 

traets, is 55 mL. The stroke volume is therefore 70 mL (125 — 55). 

To better understand stroke volume, imagine that you are 
rinsing out a sponge under a rnnning water faucet. As you relax 
your hand, the sponge fills with water; as your fingers eontraet, 
water is squeezed out of the sponge; and, after you have squeezed 
it, some water is left in the sponge. In this analogy, the amount 
of water you squeeze out of the sponge (stroke volume) is the dif- 
ferenee between the amount of water in the sponge when your 
hand is relaxed (end-diastolie volume) and the amount that is left 
in the sponge after you squeeze it (end-systolie volume). 

Stroke volume ean be inereased by inereasing end-diastolie volume 
or by deereasing end-systolie volume. During exercise, end-diastolie 
volume inereases because of an inerease in venous return, which is the 
amount of blood remrning to the heart from the peripheral circulation. 
End-systolie volume deereases because the heart eontraets more foree- 
fully and ejeets more blood. For example, end-diastolie volume ean 
inerease to 145 mL and end-systolie volume ean deerease to 30 mL. 
Therefore, stroke volume inereases to 115 mL (145 — 30) during exercise. 
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Under resting eonditions, the heart rate is approximately 
72 beats per minute (bpm), and the stroke volume is approximately 
70 mL/beat, although these values ean vary eonsiderably from person 
to person. The eardiae output is therefore 

CO = HR X SV 

= 72 bpm X 70 mL/beat 
= 5040 mL/min (approximately 5 L/min) 

During exercise, heart rate ean inerease to 190 bpm, and the stroke 
volume ean inerease to 115 mL. Consequently, eardiae output is 

CO =190 bpm X 115 mL/beat 

= 21,850 mL/min (approximately 22 L/min) 

Cardiac reserve is the differenee between maximum eardiae 
output and eardiae output when a person is at rest. The greater a 
person’s eardiae reserve, the greater his or her eapaeity for doing exer- 
eise. Laek of exercise and cardiovascular diseases ean reduce eardiae 
reserve and affeet a person’s quality of life. Exercise training ean greatly 
inerease eardiae reserve by inereasing maximum eardiae output. In 
well-trained athletes, stroke volume during exercise ean inerease to 
over 200 mL/beat, resulting in eardiae outputs of 40 L/min or more. 

39 Define mean arterial pressare, eardiae output, and peripheral resistanee. 
What is the role of mean arterial pressure in causing blood flow? 

40 Define stroke volume and venous return. State two ways to inerease 
stroke volume. 

41 What is eardiae reserve? How does exercise training influence eardiae 
reserve? 

17.8 Regulation of the Heart 

To maintain homeostasis, the amount of blood pumped by the heart 
must vary dramatieally. For example, during exercise eardiae output 
ean inerease several times over resting values. intrinsie and extrinsic 
regulatory meehanisms eontrol eardiae output. 

intr nsìe Regulation of the Heart 

intrinsie regulation of the heart modifies stroke volume through the 
normal fimetional eharaeteristies of eardiae muscle eells. It does not 
depend on neural or hormonal regulation. Aeeording to the Starling 
law of the heart, as the resting length of eardiae muscle eells 
inereases, the foree of eontraetion they produce inereases. Past a eer- 
tain length, however, the foree of eontraetion deereases. This is simi- 
lar to the length-tension relationship seen in skeletal muscle (see 
figure 8.16). Normally, eardiae muscle eells are not stretehed past the 
point at which they ean eontraet with a maximal foree. 

The amount of blood in the ventrieles at the end of ventricular 
diastole (end-diastolie volume) determines the degree to which eardiae 
muscle eells are stretehed. Venous return is the amount of blood that 
rernrns to the heart, and the degree to which the ventricular walls are 
stretehed at the end of diastole is ealled preload. If venous return 
inereases, the heart fills to a greater volume and stretehes the eardiae 
muscle eells, producing an inereased preload. In response to the 
inereased preload, eardiae muscle eells eontraet with a greater foree. The 
greater foree of eontraetion causes an inereased volume of blood to be 
ejeeted from the heart, resulting in an inereased stroke volume, which 
inereases eardiae output. 


As a result of the Starling law of the heart, the amount of blood 
entering the heart (venous return) is equal to the amount of blood 
leaving the heart (eardiae output). When venous return inereases, 
preload, foree of eontraetion, stroke volume, and eardiae output 
inerease. Conversely, when venous return deereases, preload, foree of 
eontraetion, stroke volume, and eardiae output deerease. 

The Starling law of the heart has a major influence on eardiae 
output because venous return is influenced by many eonditions. For 
example, during exercise, blood vessels in skeletal muscles dilate, which 
inereases blood delivery to the muscles. As the blood flows through the 
muscles and returns to the heart, venous return inereases. inereased 
venous return results in an inereased preload, stroke volume, and ear- 
diae output. This is benefieial because an inereased eardiae output is 
needed during exercise to deliver blood to exercising skeletal muscles. 

nfe- 

Consequences of Heart Failure 

Heart failure usually results from a progressive weakening of the 
heart muscle in elderly people, but it ean occur in young people. A 
failing heart gradually enlarges and eventually does not adequately 
pump blood because further stretehing of the eardiae muscle eells 
does not inerease the stroke volume of the heart. Consequently, blood 
baeks up in the veins. Right heart failure causes blood to baek up in 
the veins of the systemie circulation. Filling of the veins with blood 
causes fluid to accumulate in tissues, producing swelling, or edema, 
espeeially in the legs and feet. Left heart failure causes blood to baek 
up in the veins of the pulmonary circulation. Filling of these veins 
causes edema in the lungs, which makes breathing difficult. 


Afìterload refers to the pressure against which the ventrieles 
must pump blood. People suffering from hypertension have an 
inereased afterload because they have an elevated aortie pressure 
during eontraetion of the ventrieles. The heart must do more work 
to pump blood from the left ventriele into the aorta, which 
inereases the workload on the heart and ean eventually lead to heart 
failure. A reduced afterload deereases the work the heart must do. 
People who have a lower blood pressure have a reduced afterload 
and develop heart failure less often than people who have 
hypertension. The afterload, however, influences eardiae output less 
than preload influences it. Aortie blood pressure must inerease to 
more than 170 mm Hg before it hampers the ability of a healthy 
ventriele to pump blood. 

42 Define intrinsie regulation ofthe heart. 

43 Statethe Starling lawofthe heart. How does venous return affeet 
preload? How does preload affeet eardiae output? 

44 Define afterload, and deseribe its effeet on the pumping effeetiveness 
of the heart. 

Extrinsic Regulation of the Heart 

Extrinsic regulation of the heart modifies heart rate and stroke vol- 
ume through neural and hormonal meehanisms. Neural eontrol of 
the heart results from sympathetie and parasympathetie reflexes, and 
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the major hormonal eontrol eomes from epinephrine and norepi- 
nephrine seereted from the adrenal medulla. 

The heart is autorhythmic with its own inherent heart rate (see 
a Autorhythmicity of Cardiac Muscle,” p. 502). The intrinsie heart rate 
ean be modified by hyperpolarization or depolarization of eardiae 
muscle eell plasma membranes. Hyperpolarization moves the mem- 
brane potential further from threshold, inereasing the duration of the 
prepotential and slowing heart rate. Depolarization moves the mem- 
brane potential eloser to threshold, deereasing the duration of the 
prepotential and inereasing heart rate. 

The parasympathetie division supplies the heart through the 
vagus nerves, which primarily innervate the SA and AV nodes. The 
postganglionie neurons of the vagus nerves release aeetyleholine, 
which causes ligand-gated K + ehannels to open. inereased movement 
of K + out of eardiae muscle eells causes hyperpolarization, and heart 
rate slows. At rest, the parasympathetie division tonieally stimulates 
the heart and depresses heart rate. Without parasympathetie stimula- 
tion, the resting heart rate would be approximately 100 beats/minute. 
During exercise, withdrawal of parasympathetie stimulation (removal 
of the inhibitory effeet) contributes to an inerease in heart rate. 

The sympathetie division supplies the heart through sympathetie 
nerves, ealled eardiae nerves, which arise from the inferior eervieal and 
upper thoraeie sympathetie ehain ganglia. The eardiae nerves innervate 
the SA node, the AV node, and the myocardium of the atria and ven- 
trieles. The postganglionie neurons of eardiae nerves release norepi- 
nephrine that binds to membrane-bound reeeptors, aetivating 
G proteins and causing Ca 2+ ehannels to open. The movement of Ca 2+ 
into eardiae muscle eells causes depolarization, and heart rate speeds 
up. The movement of Ca 2+ into eardiae muscle eells also inereases 
their foree of eontraetion. In response to strong sympathetie stimula- 
tion, the heart rate ean inerease to 250 or, oeeasionally, 300 bpm. 
Stronger eontraetions cause the heart to empty to a greater extent by 
deereasing end-systolie volume, which inereases stroke volume. 


Prediet 



What effeet does sympathetie stirrmlation have on stroke volume if the venous 
return remains eonstant? 


Beta-Adrenergie Bloeking Agents 

Adrenergie reeeptors respond to norepinephrine and epineph- 
rine. The two subtypes of adrenergie reeeptors are alpha and beta 
reeeptors (see ehapter 14). Cardiac muscle has beta reeeptors. Beta- 
adrenergie (bá-tà ad-ré-ner'jik) bloeking agents are drugs that 
bloek the aetions of beta reeeptors. They are used to reduce the rate 
and strength of eardiae muscle eontraetions, thus reducing the oxy- 
gen demand of the heart. Beta-adrenergie bloeking agents are often 
used to treat people who suffer from rapid heart rates, eertain types 
of arrhythmias, and hypertension. 


Epinephrine and norepinephrine released from the adrenal medulla 
ean markedly influence the pumping effeetiveness of the heart. 
Epinephrine has essentially the same effeet on eardiae muscle as nor- 


epinephrine and, therefore, inereases the rate and foree of heart eon- 
traetions. The seeretion of epinephrine and norepinephrine from the 
adrenal medulla is eontrolled by sympathetie stimulation of the adre- 
nal medulla and occurs in response to inereased physieal aetivity, 
emotional excitement, and stressfiil eonditions. 

45 Define extrinsic regulation ofthe heart. 

46 For eaeh division of the ANS, name the nerves supplying the heart 
and the neurotransmitters they release. Deseribe the effeets of the 
neurotransmitters on eardiae muscle plasma membrane potentials. 

47 What effeet do parasympathetie and sympathetie stimulation have 
on heart rate, foree of eontraetion, and stroke volume? 

48 Name the two main hormones that affeet the heart. Where are they 
produced, what effeets do they have on the heart, and what causes 
their release? 


17.9 The Heart and Homeostasis 

The pumping of blood by the heart plays an important role in the 
maintenanee of homeostasis. Blood pressure generated by the heart 
moves blood throughout the circulatory system. Adequate blood 
delivery ensures that the metabolie needs of tissues are met. The 
hearfis aetivity must be regulated because the metabolie aetivities of 
the tissues ehange under such eonditions as rest and exercise. 

Effeet of Blood Pressure 

Baroreeeptor (bar'ó-rè-sep'ter, bar'ò-rè-sep'tór) reflexes deteet 
ehanges in blood pressure and produce ehanges in heart rate and in 
the foree of eontraetion. The sensory reeeptors of the baroreeeptor 
reflexes are streteh reeeptors ealled baroreeeptors. They are in the 
walls of eertain large arteries, such as the internal earotid arteries and 
the aorta, and they measure blood pressure (figure 17.18). 

Within the medulla oblongata of the brain is a cardioregula- 
tory eenter, which reeeives and integrates aetion potentials from the 
baroreeeptors. The cardioregulatory eenter eontrols the aetion poten- 
tial frequency in sympathetie and parasympathetie nerve fibers that 
extend from the brain and spinal eord to the heart. The cardioregula- 
tory eenter also eontrols the release of epinephrine and norepineph- 
rine from the adrenal gland. 

When the blood pressure inereases, the walls of blood vessels are 
stretehed, and the baroreeeptors are stimulated. An inereased fre- 
quency of aetion potentials is sent along the nerve fibers to the 
medulla oblongata of the brain. This prompts the cardioregulatory 
eenter to inerease parasympathetie stimulation and to deerease sym- 
pathetie stimulation of the heart. As a result, the heart rate and stroke 
volume deerease, causing blood pressure to deeline (figure 17.19). 

When the blood pressure deereases, there is less stimulation of the 
baroreeeptors. A lower frequency of aetion potentials is sent to the 
medulla oblongata of the brain. The cardioregulatory eenter responds 
by inereasing sympathetie stimulation of the heart and deereasing 
parasympathetie stimulation. Consequently, the heart rate and stroke 
volume inerease (see figure 17.19). Withdrawal of parasympathetie 
stimulation is primarily responsible for inereases in heart rate up to 
approximately 100 bpm. Larger inereases in heart rate, espeeially during 
exercise, result from sympathetie stimulation. 

The baroreeeptor reflexes provide fast-aeting but short-term regula- 
tion of blood pressure. The baroreeeptors help maintain a eonstant 




514 


ehapter 17 


1. Sensory neiirons (greerì) earry 
aetion potentials from baroreeeptors 
and earotid body ehemoreeeptors 
to the cardioregulatory eenter. 
ehemoreeeptors in the medulla 
oblongata also influence the 
cardioregulatory eenter. 

2. The cardioregulatory eenter eontrols 
the frequency of aetion potentials in 
the parasympathetie neurons (red) 
extending to the heart through the 
vagus nerves. The parasympathetie 
neurons deerease the heart rate. 

3. The cardioregulatory eenter eontrols 
the frequency of aetion potential in 
the sympathetie neurons (blue). The 
sympathetie neurons extend through 
the eardiae nerves and inerease the 
heart rate and the stroke volume. 

4. The cardioregulatory eenter 
influences the frequency of aetion 
potentials in the sympathetie 
neurons (blue) extending to the 
adrenal medulla.The sympathetie 
neurons inerease the seeretion of 
epinephrine and some 
norepinephrine into the general 
circulation. Epinephrine and 
norepinephrine inerease the heart 
rate and stroke volume. 



Sensory 

fibers 


Sensory 
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Proeess Figure 17.18 Baroreeeptor and ehemoreeeptor Reflexes ap r 

Sensory ( green) nerves earry aetion potentials from sensory reeeptors to the medulla oblongata. Sympathetie (blue) and parasympathetie (red) nerves exit the spinal 
eord or medulla oblongata and extend to the heart to regulate its function. Epinephrine and norepinephrine from the adrenal gland also help regulate the heart's 
aetion (SA = sinoatrial). 


blood pressure despite ehanges in body position, such as from lying 
down to standing up. During exercise, blood pressure inereases, and the 
baroreeeptor reflexes help maintain the elevated blood pressure. The 
baroreeeptors, however, do not maintain blood pressure over the long 
term and are not involved with ehronie hypertension. 


CASE STUDY Aortíe valve Stenosis 


Norma is a 62-year-old woman who had rheumatic fever when 
she was 12 years old. She has had a heart murmur sinee then. 
Norma went to her doetor, eomplaining of fatigue; dizziness, 
espeeially on rising from a sitting or lying position; and pain in her 
ehest when she exercises. Her doetor listened to Norma's heart 
sounds and determined she has a systolie murmur (see "Heart 
Sounds,"p. 510). Norma's blood pressure (90/65 mm Hg) and heart 
rate (55 beats/min) were lower than normal. Norma's doetor 
referred her to a eardiologist, who did additional tests. An eleetro- 
eardiogram indieated she has left ventricular hypertrophy, and 
imaging techniques eonfirmed the left ventricular hypertrophy 
and a stenosed aortie semilunar valve. The eardiologist explained 
to Norma that the rheumatic fever she had as a ehild damaged 
her aortie semilunar valve and that the valve's eondition had 
gradually beeome worse. The eardiologist reeommended surgical 


replaeement of Norma's aortie semilunar valve, or she would likely 
develop heart failure. 


Prediet 


11 


a. What effeet does Norma's stenosed valve have on stroke volume? 

b. Norma has left ventricular hypertrophy, which means the left 
ventriele is enlarged and has thieker walls than normal. Explain how 
that eondition developed. 

e. Explain Norma's low blood pressure. 

d. Explain why Norma beeomes dizzy on rising from a sitting or lying 
position [Hint: venous return). 

e. Prediet how Norma's heart rate ehanges on standing 
(see figure 17.19). 

Norma experiences ehest pain when she exercises, a eondition 
ealled angina peetoris (see p. 501). Why doesn't she feel this pain 
at rest? 


Tbe adrenal medullary meehanism is the release of epineph- 
rine and norepinephrine from the adrenal gland. If the deerease in 
blood pressure is large, sympathetie stimulation of the adrenal 
medulla also inereases. The epinephrine and norepinephrine seereted 
by the adrenal medulla inerease the heart rate and stroke volume, 
also causing the blood pressure to inerease toward its normal value 
(see figure 17.19). 
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Baroreeeptors in the earotid and aortie bodies 
deteet a deerease in blood pressure. 

Baroreeeptor reflex: the cardioregulatory 
eenter inereases parasympathetie and 
deereases sympathetie stimulation of the heart. 


Heart rate and stroke volume deerease. 



Blood pressure inereases: 

Homeostasis Disturbed 


Blood pressure deereases 

Homeostasis Restored 
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Baroreeeptors in the earotid and aortie bodies 
deteet a deerease in blood pressure. 

Baroreeeptor reflex: the cardioregulatory eenter 
deereases parasympathetie and inereases 
sympathetie stimulation of the heart. 

Adrenal mediillary meehanism: the adrenal 
gland releases epinephrine and norepinephrine 
in response to a large deerease in blood 
pressure. 
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Heart rate and stroke volume inerease. 



Homeostasis Figure 17.19 summary of the Baroreeeptor Reflex 

The baroreeeptor reflex maintains homeostasis in response to ehanges in blood pressure. 


Prediet 

ln response to a severe hemorrhage, blood pressure lowers, the heart rate in- 
ereases dramatieally, and the stroke volume lowers. If low blood pressure aeti- 
vates reflexes that inerease sympathetie stimulation of the heart, why is the 
stroke volume low? 


Emotions integrated in the eerebmm of the brain ean influence 
the heart. Excitement, anxiety, and anger ean affeet the cardioregula- 
tory eenter, resulting in inereased sympathetie stimulation of the 


heart and an inereased eardiae output. Depression, on the other 
hand, ean inerease parasympathetie stimulation of the heart, causing 
a slight reduction in eardiae output. 

49 Define baroreeeptor reflex, baroreeeptor, and cardioregulatory 
eenter. 

50 How does the nervous system deteet and respond to an inerease and 
a deerease in blood pressure? 

51 What effeets do emotions have on eardiae output? 
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Effeet of pH, earbon Dioxide, 
and Oxygen 

Chemoreceptors (kè'mò-rè-sep'tors) are sensory reeeptors responding 
to ehemieals, such as oxygen, earbon dioxide, and H + . Chemoreceptors 
primarily sensitive to blood oxygen levels are found in the earotid 
and aortie bodies (figure 17.18). These small structures are loeated 
near large arteries elose to the brain and heart, and they monitor 
blood flowing to the brain and to the rest of the body. There are also 
ehemoreeeptors sensitive to ehanges in earbon dioxide and pH levels 
in the medulla oblongata. Only when oxygen levels, earbon dioxide 
levels, or pH signifieantly deviate from normal are reflexes aetivated 
that affeet the cardiovascular system. The ehemoreeeptor reflexes are 
not important for the normal regulation of the heart. They are more 
important in the regulation of blood vessel eonstrietion (see ehapter 
18) and respiration (see ehapter 20). 

Chemoreceptors in the heart respond to ehemieals, such as brady- 
kinin and prostaglandins, released when eardiae muscle is deprived of 
oxygen. Axons from these sensory neurons extend to the spinal eord 
through sympathetie nerves and aseend the spinal eord in the spino- 
thalamie traets. There is eonsiderable eonvergenee with neurons of the 
spinothalamie traet, which could explain the referred pain of angina 
peetoris or a heart attaek to the ehest wall and arms (see ehapter 10). 

52 Define ehemoreeeptor. How important are ehemoreeeptors for the 
regulation of the heart, blood vessels, and respiratory system? 

53 Deseribe the role of ehemoreeeptors in the referred pain of angina 
peetoris or a heart attaek. 

Effeet of lons and Body 
Temperature 

Changes in the extracellular eoneentration of K + and Ca 2+ , which 
influence other eleetrieally excitable tissues, also affeet eardiae muscle 
flmetion. The extracellular levels of Na + rarely deviate enough from 
the normal value to affeet the flmetion of eardiae muscle signifieantly. 

inereased extracellular K + levels cause the heart rate and stroke 
volume to deerease. The excess K+ in the extracellular fluid cause par- 
tial depolarization of the resting membrane potential, resulting in a 
deereased amplimde of aetion potentials. The deereased amplitude 
deereases the rate at which aetion potentials are conducted through the 
AV node, producing an AV node bloek. Eetopie foei and fibrillation 
ean occur. The reduced aetion potential amplitude also results in fewer 
Ca 2+ entering the sareoplasm of the eell, which deereases the strength 
of eardiae muscle eontraetion. 

Deereased extracellular K + levels cause the heart rate to deerease, 
but they do not affeet the stroke volume. A deerease in extracellular 
K + results in a deerease in the heart rate because the resting mem- 
brane potential is hyperpolarized, which inereases the duration of the 
prepotential. 

inereased extracellular Ca 2+ levels cause the stroke volume to 
inerease and the heart rate to deerease. An inerease in the extracel- 
lular eoneentration of Ca 2+ produces an inerease in the foree of 
eardiae eontraetion because of a greater influx of Ca 2+ into the sar- 
eoplasm during aetion potential generation. Elevated plasma Ca 2+ 
levels have an indireet effeet on heart rate because they reduce the 
frequency of aetion potentials in nerve fibers, thus reducing sympa- 


thetie and parasympathetie stimulation of the heart. Generally, ele- 
vated blood Ca 2+ levels reduce the heart rate. 

Deereased extracellular Ca 2+ levels deerease the stroke volume 
and inerease the heart rate, although the effeet is impereeptible until 
blood Ca 2+ levels are reduced to approximately one-tenth of their 
normal value. A deerease in the extracellular eoneentration of Ca 2+ 
produces a deerease in the foree of eardiae eontraetion because of a 
deereased influx of Ca 2+ into the sareoplasm during aetion potential 
generation. Reduced extracellular Ca 2+ levels also cause Na + ehan- 
nels to open, which allows Na + to diffuse more readily into the eell, 
resulting in depolarization and aetion potential generation. Reduced 
Ca 2+ levels, however, usually cause death as a result of tetany of 
skeletal muscles before they deerease enough to markedly influence 
the heart’s flmetion. 

Body temperature affeets metabolism in the heart the way it 
affeets other tissues. Elevated body temperamre inereases the heart 
rate, and reduced body temperature slows the heart rate. For exam- 
ple, during fever the heart rate is usually elevated. During heart sur- 
gery the body temperamre is sometimes intentionally lowered to 
slow the heart rate and metabolism. 

54 What effeets do an inereased and a deereased extracellular 
eoneentration of K + and Ca 2+ have on heart rate and stroke volume? 

55 What effeet does temperature have on heart rate? 

17.10 Effeets of Aging on the Heart 

Gradual ehanges in the flmetion of the heart are assoeiated with aging. 
These ehanges are minor under resting eonditions, but they beeome 
more obvious during exercise and in response to age-related diseases. 

By age 70, eardiae output often deereases by approximately one- 
third. Because of the deerease in the eardiae reserve, many elderly 
people are limited in their ability to respond to emergeneies, infee- 
tions, blood loss, and stress. 

Aging eardiae muscle requires a greater amount of time to eon- 
traet and relax. Thus, there is a deerease in the maximum heart rate. 
This ean be roughly predieted by the following formula: Maximum 
heart rate = 220 — age of the individual. 

There is an age-related inerease in eardiae arrhythmias as a eonse- 
quence of a deerease in the number of eardiae eells in the SA node and 
because of the replaeement of the eells of the AV bundle. 

Hypertrophy (enlargement) of the left ventriele is a eommon age- 
related ehange. This appears to result from a gradual inerease in the 
pressure in the aorta (afterload) against which the left ventriele must 
pump blood. The inereased pressure in the aorta results from a grad- 
ual deerease in arterial elastieity, resulting in an inereased stiffness of 
the aorta and other large arteries. The enlarged left ventriele has a 
reduced ability to pump blood, which ean cause pulmonary edema. 
Consequently, there is an inereased tendeney for people to feel out of 
breath when they exercise strenuously. 

Age-related ehanges occur in the eonneetive tissue of the heart 
valves. The eonneetive tissue beeomes less flexible, and Ca 2+ deposits 
develop in the valves. As a result, there is an inereased tendeney for the 
aortie semilunar valve to beeome stenosed or ineompetent. 

The development of eoronary artery disease and heart failure 
also is age-related. Approximately 10% of elderly people over age 80 
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have heart failure, and a major contributing faetor is eoronary heart 
disease. Advaneed age, malnutrition, ehronie infeetions, toxins, 
severe anemias, hyperthyroidism, and hereditary faetors ean lead to 
heart failure. 

Exercise has many benefieial effeets on the heart. Regular aero- 
bie exercise improves the fimetional eapaeity of the heart at all ages, 
provided there are no eonditions that cause the heart’s inereased 
workload to be harmful. 


Summary 

17.1 Fimetions of the Heart <p. 49D 

The heart produces the foree that ereates blood pressure, which causes blood 
to circulate. The heart routes blood to the pulmonary and systemie 
circulations and regulates blood delivery. 

17.2 Loeation, Shape, and Size 

of the Heart <p. 492 ) 

1. The heart is loeated in the mediastinum deep to the sternum and deep 
to the left seeond to fifth intereostal spaees. 

2. The heart is shaped like a blunt eone, with an apex and a base. It is 
approximately the size of a fist. 

17.3 Anatomy of the Heart (p. 492 ) 

The heart eonsists of two atria and two ventrieles. 

Pericardium 

1. The pericardium is a sae surrounding the heart and eonsisting of the 
fibrous pericardium and the serous pericardium. 

2. The fibrous pericardium helps hold the heart in plaee. 

3. The serous pericardium reduces frietion as the heart beats. It eonsists of 
the following parts: 

■ The parietal pericardium lines the fibrous pericardium. 

■ The viseeral pericardium eovers the exterior surface of the heart. 

■ The perieardial eavity lies between the parietal pericardium and 
viseeral pericardium and is filled with perieardial fluid. 

Heart wall 

1. The heart wall has three layers: 

■ The outer epicardium (viseeral pericardium) provides proteetion 
against the frietion of mbbing organs. 

■ The middle myocardium is responsible for eontraetion. 

■ The inner endocardium reduces the frietion resulting from the 
passage of blood through the heart. 

2. The ventrieles have ridges ealled trabeculae earneae. 

3. The inner surfaces of the atria are mainly smooth. The auricles have 
raised areas ealled musculi peetinati. 

External Anatomy 

1. Eaeh atrium has a flap ealled an auricle. 

2. The eoronary sulcus separates the atria from the ventrieles. The 
interventricular grooves separate the right and left ventrieles. 

3. The inferior vena eava, superior vena eava, and eoronary sinus enter the 
right atrium. The four pulmonary veins enter the left atrium. 

4. The pulmonary trunk exits the right ventriele, and the aorta exits the 
left ventriele. 


56 What happens to eardiae reserve with age? 

57 How does maximum heart rate ehange with age? How does aging 
affeet the conducting system of the heart? 

58 Explain how age-related ehanges affeet the function of the left 
ventriele. 

59 Deseribe how inereasing age affeets the heart valves. 

60 How do eoronary artery disease and heart failure affeet the aged? 


Heart ehambers 

1. The interatrial septum separates the atria from eaeh other. The fossa 
ovalis is the former loeation of the foramen ovalis through which blood 
bypassed the lungs in the fetus. 

2. The interventricular septum separates the ventrieles. 

Heart valves 

1. The tricuspid valve separates the right atrium and ventriele. The 
bicuspid valve separates the left atrium and ventriele. The ehordae 
tendineae attaeh the papillary muscles to the atrioventricular valves. 

2. The semilunar valves separate the aorta and pulmonary trunk from the 
ventrieles. 

Route of Blood Flow Through the Heart 

1. Blood from the body flows through the right atrium into the right 
ventriele and then to the lungs. 

2. Blood returns from the lungs to the left atrium, enters the left ventriele, 
and is pumped baek to the body. 

Blood Supply to the Heart 

1. Coronary arteries braneh off the aorta to supply the heart. 

2. Blood returns from the heart tissues to the right atrium through the 
eoronary sinus and eardiae veins. 

17.4 Histology of the Heart <p. 499) 

Fibrous Skeleton of the Heart 

The fibrous heart skeleton supports the openings of the heart, provides a 

point of attaehment for heart muscle, and eleetrieally insulates the atria 

from the ventrieles. 

eardiae Muscle 

1. Cardiac muscle eells are branehed and have a eentrally loeated nucleus. 
Aetin and myosin are organized to form sareomeres. 

2. The T tubules and sareoplasmie reticulum are not as organized as in 
skeletal muscle. Normal eontraetions depend on extracellular Ca 2+ . 

3. Cardiac muscle eells rely on aerobie respiration for ATP production. 
They have many mitoehondria and are well supplied with blood vessels. 

4. Cardiac muscle eells are joined by interealated disks, which allow aetion 
potentials to move from one eell to the next. Thus, eardiae muscle eells 
fimetion as a unit. 

17.5 Eleetrieal Aetivity of the Heart (p. 500) 

Aetion Potentials 

1. After depolarization and partial repolarization, a plateau phase is 

reaehed, during which the membrane potential only slowly repolarizes. 
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2. The opening and elosing of voltage-gated ion ehannels produce the 
aetion potential. 

■ The movement of Na + through Na + ehannels causes depolarization. 

■ During depolarization, K + ehannels elose and Ca 2+ ehannels begin 
to open. 

■ Early repolarization results from closure of the Na + ehannels and 
the opening of some K + ehannels. 

■ The plateau exists because Ca 2+ ehannels remain open. 

■ The rapid phase of repolarization results from the closure of the 
Ca + ehannels and the opening of many K + ehannels. 

Refraetory Periods 

1. During the absolute refraetory period, eardiae muscle eells are insensitive 
to further stimulation. During the relative refraetory period, stronger- 
than-normal stimulation ean produce an aetion potential. 

2. Cardiac muscle has a prolonged depolarization and thus a prolonged 
absolute refraetory period, which allows time for the eardiae muscle to 
relax before the next aetion potential causes a eontraetion. 

Aiitorhythmieity of eardiae Muscle 

1. Cardiac muscle eells are autorhythmic because of the spontaneous 
development of a prepotential. The SA node is the paeemaker of the 
heart. 

2. The prepotential results from the movement of Na + and Ca 2+ into the 
SA node eells. 

3. The duration of the prepotential determines heart rate. 

Conducting System of the Heart 

1. The SA node and the AV node are in the right atrium. 

2. The AV node is eonneeted to the bundle branehes in the 
interventricular septum by the AV bundle. 

3. The bundle branehes give rise to Purkinje fibers, which supply the 
ventrieles. 

4. The SA node initiates aetion potentials, which spread aeross the atria 
and cause them to eontraet. 

3. Aetion potentials are slowed in the AV node, allowing the atria to 
eontraet and blood to move into the ventrieles. Then the aetion 
potentials travel through the AV bundles and bundle branehes to the 
Purkinje fibers, causing the ventrieles to eontraet, starting at the apex. 

Eleetroeardiogram 

1. The ECG reeords only the eleetrieal aetivities of the heart. 

■ Depolarization of the atria produces the P wave. 

■ Depolarization of the ventrieles produces the QRS complex. 
Repolarization of the atria occurs during the QRS complex. 

■ Repolarization of the ventrieles produces the T wave. 

2. Based on the magnitude of the ECG waves and the time between 
waves, ECGs ean be used to diagnose heart abnormalities. 

17.6 eardiae eyele <p. 506 ) 

Overview of Systole and Diastole 

1. The eardiae eyele is repetitive eontraetion and relaxation of the heart 
ehambers. 

2. Atrial systole is eontraetion of the atria, and systole is eontraetion of the 
ventrieles. Atrial diastole is relaxation of the atria, and diastole is 
relaxation of the ventrieles. 

3. During systole, the AV valves elose, pressure inereases in the ventrieles, 
the semilunar valves are foreed to open, and blood flows into the aorta 
and pulmonary trunk. 

4. At the beginning of diastole, pressure in the ventrieles deereases. The 
semilunar valves elose to prevent backflow of blood from the aorta and 
pulmonary trunk into the ventrieles. 


3. When the pressure in the ventrieles is lower than in the atria, the AV 
valves open and blood flows from the atria into the ventrieles. 

6. During atrial systole, the atria eontraet, pushing blood into the 
ventrieles, which then eompletes ventricular filling. 

Events Occurring During ventricular Systole 

1. Ventricular depolarization produces the QRS complex and initiates 
eontraetion of the ventrieles, which inereases ventricular pressure. The 
AV valves elose, the semilunar valves open, and blood is ejeeted from 
the heart. 

2. The volume of blood in a ventriele just before it eontraets is the end- 
diastolie volume. The volume of blood after eontraetion is the end- 
systolie volume. 

Events Oeeiirring During Ventricular Diastole 

1. Ventriorlar repolarization produces the T wave and the ventrieles relax. 
Blood flowing baek toward the relaxed ventrieles eloses the semilunar 
valves. The AV valves open and blood flows into the ventrieles. 

2. Approximately 70% of ventricular filling occurs when blood flows from 
the higher pressure in the veins and atria to the lower pressure in the 
relaxed ventrieles. 

3. Atrial depolarization produces the P wave; the atria eontraet and 
eomplete ventricular filling. 

Aortie Pressure Curve 

1. Contraction of the ventrieles forees blood into the aorta. The maximum 
pressure in the aorta is the systolie pressure. 

2. Elastie reeoil of the aorta maintains pressure in the aorta and produces 
the dierotie noteh. 

3. Blood pressure in the aorta falls as blood flows out of the aorta. The 
minimum pressure in the aorta is the diastolie pressure. 

Heart Sounds 

1. Closure of the atrioventricular valves produces the first heart sound. 

2. Closure of the semilunar valves produces the seeond heart sound. 

17.7 Mean Arterial Blood Pressiire (p. 51 d 

1. Mean arterial pressure is the average blood pressure in the aorta. Adequate 
blood pressure is neeessary to ensure delivery of blood to the tissues. 

2. Mean arterial pressure is proportional to eardiae output (amount of 
blood pumped by the heart per minute) times peripheral resistanee 
(total resistanee to blood flow through blood vessels). 

3. Cardiac output is equal to heart rate times stroke volume. 

4. Stroke vohime, the amount of blood pumped by the heart per beat, is 
equal to end-diastolie volume minus end-systolie volume. 

■ Venous return is the amount of blood returning to the heart. 
inereased venous return inereases stroke volume by inereasing end- 
diastolie volume. 

■ inereased foree of eontraetion inereases stroke volume by deereasing 
end-systolie volume. 

5. Cardiac reserve is the differenee between resting and exercising eardiae 
output. 

17.8 Regulation of the Heart <p. 512) 

intrinsie Regulation of the Heart 

1. intrinsie regulation modifies stroke volume through the fimetional 
eharaeteristies of eardiae muscle eells. 

2. The Starling law of the heart deseribes the relationship between preload 
and the stroke volume of the heart. An inereased preload causes the 
eardiae muscle eells to eontraet with a greater foree and produce a 
greater stroke volume. 

3. Afterload is the pressure against which the ventrieles must pump blood. 
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Extrinsic Regulation of the Heart 

1. Extrinsic regulation modifies heart rate and stroke volume through 
nervous and hormonal meehanisms. 

2. The cardioregulatory eenter in the medulla oblongata regulates the 
parasympathetie and sympathetie nervous eontrol of the heart. 

3. Parasympathetie stimulation is supplied by the vagus nerve. 

■ Parasympathetie stimulation deereases heart rate. 

■ Postganglionie neurons seerete aeetyleholine, which inereases 
membrane permeability to K + . Hyperpolarization of the plasma 
membrane inereases the duration of the prepotential. 

4. Sympathetie stimulation is supplied by the eardiae nerves. 

■ Sympathetie stimulation inereases heart rate and the foree of 
eontraetion (stroke volume). 

■ Postganglionie neurons seerete norepinephrine, which inereases 
membrane permeability to Ca 2+ . Depolarization of the plasma 
membrane deereases the duration of the prepotential. 

3. Epinephrine and norepinephrine are released into the blood from the 
adrenal medulla as a result of sympathetie stimulation. They inerease 
the rate and foree of heart eontraetion. 

17.9 The Heart and Homeostasis <p. 513 ) 

Effeet of Blood Pressure 

1. Baroreeeptors monitor blood pressure, and the cardioregulatory eenter 
modifies heart rate and stroke volume. 

2. In response to a deerease in blood pressure, the baroreeeptor reflexes 
inerease heart rate and stroke volume. When blood pressure inereases, 
the baroreeeptor reflexes deerease heart rate and stroke volume. 


Effeet of pH, earbon Dioxide, and Oxygen 

1. Carotid body and aortie body ehemoreeeptors monitor blood oxygen 
levels. 

2. Medullary ehemoreeeptors monitor blood pH and earbon dioxide levels. 

3. Chemoreceptors are not important for the normal regulation of the 
heart, but are important in the regulation of respiration and blood 
vessel eonstrietion. 

Effeet of lons and Body Temperature 

1. inereased extracellular K + deerease heart rate and stroke volume. 
Deereased extracellular K + deerease heart rate. 

2. inereased extracellular Ca 2+ inerease stroke volume and deerease heart 
rate. Deereased extracellular Ca 2+ levels produce the opposite effeet. 

3. Heart rate inereases when body temperature inereases, and it deereases 
when body temperature deereases. 

17.10 Effeets of Aging on the Heart (p. 516) 

1. Aging results in gradual ehanges in the fimetion of the heart, which are 
minor under resting eonditions but are more signifieant during 
exercise. 

2. Some age-related ehanges to the heart are the following. 

■ Deereased eardiae output and heart rate 

■ inereased eardiae arrhythmias 

■ Hypertrophy of the left ventriele 

■ Development of stenosed or ineompetent valves 

■ Development of eoronary artery disease and heart failure 

3. Exercise improves the fimetional eapaeity of the heart at all ages. 


Review and eomprehension 


17.1 Fimetions of the Heart <p. 491) 

1. The heart 

a. generates blood pressure, which is neeessary for blood flow. 

b. is two pumps in one. 

e. pushes blood through the pulmonary circuit. 

d. modifies blood flow by ehanging its rate and foree of eontraetion. 

e. all of the above. 

17.2 Loeation, Shape, and Size 

of the Heart <p. 492) 

2. Which of the following statements regarding the loeation of the heart is 
true? 

a. The apex of the heart points superiorly. 

b. The apex of the heart is deep to the midline of the sternum. 
e. The base of the heart is deep to the sternum and the seeond 

intereostal spaee. 

d. The base of the heart extends to the midclavicular line. 

17.3 Anatomy of the Heart (p. 492) 

3. The fibrous pericardium 

a. is in eontaet with the heart. 

b. is a serous membrane. 

e. is also known as the epicardium. 

d. forms the outer layer of the perieardial sae. 

e. all of the above. 


4. The bulk of the heart wall is 

a. epicardium. 

b. pericardium. 
e. myocardium. 

d. endocardium. 

e. exocardium. 

3. Which of these structures returns blood to the right atrium? 

a. eoronary sinus 

b. inferior vena eava 
e. superior vena eava 

d. both b and e 

e. all of the above 

6. The valve loeated between the right atrium and the right 
ventriele is the 

a. aortie semilunar valve. 

b. pulmonary semilunar valve. 
e. tricuspid valve. 

d. bicuspid (mitral) valve. 

7. The papillary muscles 

a. are attaehed to ehordae tendineae. 

b. are found in the atria. 

e. eontraet to elose the foramen ovale. 

d. are attaehed to the semilunar valves. 

e. surround the openings of the eoronary arteries. 
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8. Given these blood vessels: 

1. aorta 

2. inferior vena eava 

3. pulmonary trunk 

4. pulmonary vein 

Choose the arrangement that lists the vessels in the order a red blood 
eell would encounter them in going from the systemie veins to the 
systemie arteries. 

a. 1,3>4,2 e. 2,4,3,1 e. 3,4,2,1 

b. 2,3,4,1 d. 3,2,1,4 

17.4 Histology of the Heart <p. 499 ) 

9. Which of these does not eorreetly deseribe the skeleton of the heart? 

a. eleetrieally insulates the atria from the ventrieles 

b. provides a rigid source of attaehment for the eardiae muscle 
e. reinforees or supports the valve openings 

d. is eomposed mainly of bone 

10. Cardiac muscle has 

a. sareomeres. 

b. a sareoplasmie reticulum. 

e. transverse tubules. 

d. many mitoehondria. 

e. all of the above. 

17.5 Eleetrieal Aetivity of the Heart (p. 500) 

11. Aetion potentials pass from one eardiae muscle eell to another 

a. through gap junctions. 

b. by a speeial eardiae nervous system. 

e. because of the large voltage of the aetion potentials. 

d. because of the plateau phase of the aetion potentials. 

e. by neurotransmitters. 

12. During the transmission of aetion potentials through the conducting 
system of the heart, there is a temporary delay at the 

a. bundle branehes. 

b. Purkinje fibers. 

e. AV node. 

d. SA node. 

e. AV bundle. 

13. Given these structures of the conduction system of the heart: 

1. atrioventricular bundle 

2. AV node 

3. bundle branehes 

4. Purkinje fibers 

3. SA node 

Choose the arrangement that lists the structures in the order an aetion 
potential passes through them. 

a. 2,3,1,3,4 e. 2,5,4,1,3 e. 5,2,4,3,1 

b. 2,5,3,1,4 d. 5,2,1,3,4 

14. Purkinje fibers 

a. are speeialized neurons. 

b. conduct aetion potentials rapidly. 

e. conduct aetion potentials through the atria. 

d. eonneet between the SA node and the AV node. 

e. ensure that ventricular eontraetion starts at the base of the heart. 

15. T waves on an ECG represent 

a. depolarization of the ventrieles. 

b. repolarization of the ventrieles. 
e. depolarization of the atria. 

d. repolarization of the atria. 


17.6 CardiacCycle <p. 500 ) 

16. The greatest amount of ventricular filling occurs during 

a. the first two-thirds of diastole. 

b. the middle one-third of diastole. 
e. the last two-thirds of diastole. 

d. ventricular systole. 

17. While the semilunar valves are open during a normal eardiae eyele, the 
pressure in the left ventriele is 

a. greater than the pressure in the aorta. 

b. less than the pressure in the aorta. 

e. the same as the pressure in the left atrium. 

d. less than the pressure in the left atrium. 

18. Concerning the aortie pressure curve, 

a. eontraetion of the left ventriele generates diastolie pressure. 

b. blood flowing away from the left ventriele through the peripheral 
vessels is responsible for systolie pressure. 

e. diastolie pressure is the maximum pressure in the aorta. 

d. systolie pressure is the maximum pressure in the left ventriele. 

e. elastie reeoil of the aorta produces the dierotie noteh. 

19. The pressure within the left ventriele fluctuates between 

a. 120 and 80 mm Hg. 

b. 120 and 0 mm Hg. 
e. 80 and 0 mm Hg. 

d. 20 and 0 mm Hg. 

20. The first heart sound, the “lubb” sound, is caused by the 

a. elosing of the AV valves. 

b. elosing of the semilunar valves. 

e. blood rushing out of the ventrieles. 

d. filling of the ventrieles. 

e. ventricular eontraetion. 

21. Pressure in the aorta is at its lowest 

a. at the time of the first heart sound. 

b. at the time of the seeond heart sound. 
e. just before the AV valves open. 

d. just before the semilunar valves open. 

17.7 Mean Arterial Blood Pressure <p. 51 d 

22. Cardiac output is 

a. mean arterial pressure times peripheral resistanee. 

b. peripheral resistanee times heart rate. 

e. heart rate times stroke volume. 

d. stroke volume times blood pressure. 

e. mean arterial pressure minus peripheral resistanee. 

23. Stroke volume is the 

a. amount of blood pumped by the heart per minute. 

b. differenee between end-diastolie and end-systolie volume. 

e. difiFerenee between the amount of blood pumped at rest and that 
pumped at maximum output. 

d. amount of blood pumped from the atria into the ventrieles. 

17.8 Regulation of the Heart <p. 512) 

24. inereased venous return results in inereased 

a. preload. 

b. streteh of eardiae muscle. 

e. foree of eontraetion of eardiae muscle. 

d. stroke volume. 

e. all of the above. 
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25. Parasympathetie nerve fibers are found in the _ nerves 

and release _ at the heart. 

a. eardiae, aeetyleholine 

b. eardiae, norepinephrine 
e. vagus, aeetyleholine 

d. vagus, norepinephrine 

26. inereased parasympathetie stimulation of the heart 

a. inereases the foree of ventricular eontraetion. 

b. inereases the rate of depolarization in the SA node. 

e. deereases the heart rate. 

d. inereases eardiae output. 

17.9 The Heart and Homeostasis (p. 513 ) 

27. Because of the baroreeeptor reflex, when normal arterial blood pressure 
deereases, the 

a. heart rate inereases. 

b. stroke volume deereases. 

e. frequency of aetion potentials from baroreeeptors to the medulla 
oblongata inereases. 

d. cardioregulatory eenter stimulates parasympathetie neurons. 

e. all of the above. 


28. When there is a large deerease in blood pressure, 

a. sympathetie stimulation of the adrenal gland inereases. 

b. the release of epinephrine and norepinephrine from the adrenal 
gland deereases. 

e. stroke volume deereases. 

d. heart rate deereases. 

29. An inerease in extracellular K+ levels could cause 

a. an inerease in stroke volume. 

b. an inerease in the foree of heart eontraetions. 

e. a deerease in heart rate and possibly AV node bloek. 

d. a and b. 

17.10 Effeets of Aging on the Heart <p. sió) 

30. With age, 

a. eardiae output deereases. 

b. the heart takes longer to eontraet and relax, resulting in a deereased 
maximum heart rate. 

e. there is an inereased likelihood of eardiae arrhythmias. 

d. the left ventriele hypertrophies. 

e. all of the above. 

Answers in Appendix E 


eritieal Thinking 


1. A patient has taehyeardia. Would you reeommend a drug that prolongs 
or shortens the plateau of eardiae muscle eell aetion potentials? 

2. Is blood flow through the eoronary circulation greatest during systole 
or diastole? Explain. 

3. A friend tells you that her son had an ECG, and it revealed that he has 
a slight heart murmur. Are you eonvineed that he has a heart murmur? 
Explain. 

4. Compare the rate of blood flow out of the ventrieles between the first 
and seeond heart sounds of the same beat with the rate of blood flow 
out of the ventrieles between the seeond heart sound of one beat and 
the first heart sound of the next beat. 

5. Explain why it is suíficient to replaee the ventrieles, but not the atria, in 
artifieial heart transplantation. 

6. At rest, the eardiae output of athletes ean be equal to that of 
nonathletes, but the heart rate of athletes is lower than that of 
nonathletes. At maximum exertion, the maximum heart rates of 
athletes and nonathletes ean be equal, but the eardiae output of athletes 
is greater than that of nonathletes. Explain. 


7. What happens to eardiae output following the ingestion of a large 
amount of fluid? 

8. Prediet the effeet on the Starling law of the heart if the parasympathetie 
(vagus) nerves to the heart are cut. 

9. Prediet the effeet on heart rate if the sensory nerve fibers from the 
baroreeeptors are cut. 

10. A doetor lets you listen to a patienfs heart with a stethoseope at the 
same time that you feel the patient’s pulse. Onee in a while, you hear 
two heartbeats very elose together, but you feel only one pulse beat. 
Later, the doetor tells you that the patient has an eetopie focus in the 
right atrium. Explain why you hear two heartbeats very elose together. 
The doetor also tells you that the patient exhibits a pulse defieit (i.e., 
the number of pulse beats felt is fewer than the number of heartbeats 
heard). Explain why a pulse defieit occurs. 

11. During shoek caused by loss of blood, the blood pressure may fall 
dramatieally, although the heart rate is elevated. Explain why blood 
pressure falls despite the inerease in heart rate. 

Answers in Appendix F 
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lntroduction 

T he peripheral circulatory system eomprises two sets of 

blood vessels: systemie and pulmonary vessels. Systemie 
vessels transport blood through all parts of the body from 
the left ventriele and baek to the right atrium. Pulmonary ves- 
sels transport blood from the right ventriele through the lungs 
and baek to the left atrium. The systemie vessels and the pulmo- 
nary vessels together constitute the peripheral circulation. 

Complex urban water systems seem rather simple when 
eompared with the intrieaey and eoordinated functions of blood 
vessels. The heart is the pump providing the major foree causing 
blood to circulate. The blood vessels are the pipes earrying blood 
to within two or three eell diameters of nearly all of the trillions 
of eells that make up the body. In addition, the blood vessels 
partieipate in the regulation of blood pressure and help direet 
blood flow to the tissues that are most aetive. 


18.1 Fiinetions of the Peripheral 

eireiilation 

The heart provides the major foree that causes blood to circulate, and 
the peripheral circulation has five functions: 

1. Carries blood. Blood vessels earry blood from the heart to all the 
tissues of the body and baek to the heart. 

2. Exchanges nutrients, ivasteproducts, andgases ivith tissues. 
Nutrients and oxygen diffuse from blood vessels to eells in all 
areas of the body. Waste products and earbon dioxide diffuse 
from the eells to blood vessels. 

3. Transports substances. Hormones, eomponents of the immune 
system, molecules required for blood elotting, enzymes, 
nutrients, gases, waste products, and other substances are 
transported in the blood to most parts of the body. 

4. Helps regnlate bloodpressure. The blood vessels and the heart 
work together to regulate blood pressure within a normal range 
of values. 

3. Direets bloodflotv to tissues. The blood vessels direet blood to 
tissues when inereased blood flow is required to maintain 
homeostasis. 

1 List the functions of the peripheral circulation. 

18.2 General Features of Blood 

vessels 

Arteries (ar'ter-èz, resembling a windpipe) are blood vessels that 
earry blood away from the heart. The heart pumps blood into large, 
elastie arteries that braneh repeatedly to form many, progressively 
smaller arteries. As they beeome smaller, the arteries undergo a 
gradual transition from having walls that eontain a large amount of 
elastie tissue and a smaller amount of smooth muscle to having walls 
with a smaller amount of elastie tissue and a relatively large amount 


of smooth muscle. Although the arteries form a continuum from the 
largest to the smallest branehes, they normally are elassified as (1) 
elastie arteries, (2) muscular arteries, or (3) arterioles. 

Blood flows from arterioles into eapillaries (kap' i-làr-éz, resem- 
bling fine hair). Most of the exchange that occurs between the blood 
and interstitial fluids occurs aeross the walls of eapillaries. Their walls are 
the thinnest of all the blood vessels, blood flows through them slowly, 
and a greater number of them exist than any other blood vessel type. 

From the eapillaries, blood flows into the venous system. Veins 
(vànz) are blood vessels that earry blood from the eapillaries toward 
the heart. Compared with arteries, the walls of the veins are thinner 
and eontain less elastie tissue and fewer smooth muscle eells. The 
veins inerease in diameter and deerease in number, and their walls 
inerease in thiekness as they projeet toward the heart. They are elas- 
sified as (1) venules, (2) small veins, or (3) medium or large veins. 

Blood vessel walls eonsist of three layers, except in eapillaries and 
some venules. The relative thiekness and eomposition of eaeh layer vary 
with the type and diameter of the blood vessel. From the inner to the 
outer wall of the blood vessels, the layers, or tunics (too'niks), are 
(1) the tunica intima, (2) the tunica media, and (3) the tunica adventi- 
tia (figures 18.1 and 18.2). 

The tunica intima (too'ni-kà in'ti-mà, a eoat + intima, inner- 
most) eonsists of an endothelium eomposed of simple squamous epi- 
thelial eells, a basement membrane, and a small amount of eonneetive 
tissue. In muscular arteries, the tunica intima also eontains a layer of 
thin, elastie eonneetive tissue. The tunica media, or middle layer, eon- 
sists of smooth muscle eells arranged circularly around the blood vessel. 
It also eontains variable amounts of elastie and eollagen fibers, depend- 
ing on the size and type of the vessel. In muscular arteries, there is a layer 
of elastie eonneetive tissue at the outer margin of the tunica media. The 
tunica adventitia (ad-ven-tish'à, a eoat + adventicius, to eome from 



Figlire 18.1 eomparison of an Artery and a vein ap:r^ 

The typieal structure of a medium-sized artery (A) and a vein (V). Note that the 
artery has a thieker wall than the vein.The predominant layer in the wall of the 
artery is the tunica media, with its circular layers of smooth muscle.The 
predominant layer in the wall of the vein is the tunica adventitia, and the tunica 
media is thinner than in the artery. 









524 


ehapter 18 


(a) Elastie arteries. The tunica media 
is mostly elastie eonneetive tissue. 
Elastie arteries reeoil when 
stretehed, which prevents blood 
pressure from falling rapidly. 
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(b) Muscular Arteries. The tunica 
media is a thiek layer of smooth 
muscle. Muscular arteries regulate 
blood flow to different regions of the 
body. 


(e) Medium and LargeVeins. All 

three tunics are present.The tunica 
media is thin but ean regulate vessel 
diameter because blood pressure in 
the venous system is low. The 
predominant layer is the tunica 
adventitia. 


(d) Valves. Folds in the tunica intima 
form the valves of veins, which allow 
blood to flow toward the heart but not 
in the opposite direetion. 
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Figure 18.2 Structural eomparison of Blood Vessel Types 
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abroad) is eomposed of eonneetive tissue. It is a denser eonneetive tissue 
adjaeent to the tunica media that beeomes loose eonneetive tissue 
toward the outer portion of the blood vessel wall. 

Not surprisingly, the structure of all blood vessel walls is not the 
same. Modifieations of the general pattern, such as differenees in eonnee- 
tive tissue and smooth muscle, result in different fiinetional eapabilities. 

2 Define artery and vein. 

3 Name, in order, all the types of blood vessels, starting at the heart, 
going into the tissues, and returning to the heart. 

4 Name the three layers of a blood vessel. What kinds of tissue are in 
eaeh layer? 

Arteries 

Arteries conduct blood under high pressure and have thiek, strong 
walls. Elastie arteries are the largest-diameter arteries and have the 
thiekest walls (see figure 18.2^). A greater proportion of their walls is 
elastie tissue, and a smaller proportion is smooth muscle, eompared 
with other arteries. Elastie arteries are stretehed when the ventrieles 
of the heart pump blood into them, which reduces blood pressure as 
a large volume of blood is suddenly ejeeted into them. The elastie 
reeoil of the elastie arteries prevents blood pressure from falling rap- 
idly and maintains blood flow while the ventrieles are relaxed. 

The muscular arteries include medium-sized and small-diameter 
arteries. The walls of medium-sized arteries are relatively thiek, eom- 
pared with their diameter. Most of the thiekness of the wall results 
from smooth muscle eells of the tunica media (see figure 18.2^). 
Medium-sized arteries are frequently ealled distributing arteries 
because the smooth muscle tissue enables these vessels to eontrol blood 
flow to different regions of the body. Contraction of the smooth 
muscle in blood vessels, which is ealled vasoeonstrietion (và'sò-kon- 
strik'shtín), deereases blood vessel diameter and blood flow. Relaxation 
of the smooth muscle in blood vessels, which is ealled vasodilation 
(va sò-dl-la shun), inereases blood vessel diameter and blood flow. 

Small arteries have about the same structure as medium-sized 
arteries, except that small arteries have a smaller diameter and their 
walls are thinner. 

Arterioles (ar'ter-è'òlz) transport blood from small arteries to 
eapillaries and are the smallest arteries in which the three tunics ean 
be identified. The tunica media eonsists of only one or two layers of 
circular smooth muscle eells. Just before arterioles eonneet to eapillar- 
ies, their continuous layer of smooth muscle beeomes isolated smooth 
muscle eells eneireling the arteriole at seattered loeations along their 
walls. Arterioles eontrol the amount of blood reaehing eapillaries. 

5 Deseribe the function of elastie arteries, muscular (distributing) 
arteries, and arterioles. 

6 Define vasoeonstrietion and vasodilation. 

eapillaries 

Capillary walls eonsist of endothelium, which is a layer of simple 
squamous epithelium surrounded by a delieate loose eonneetive tissue 
(figure 18.3). The thin walls of eapillaries faeilitate diffiision between 
the eapillaries and surrounding eells. Eaeh eapillary is 0.3-1 millimeter 
(mm) long. Capillaries braneh without ehanging their diameter, which 
is approximately the same as the diameter of a red blood eell (7.3 |Jtm). 


Red blood eell 



Figure 18.3 eapillary 

The eapillary wall is a thin layer of simple squamous epithelium, which 
faeilitates the exchange of gases, nutrients, and waste products between the 
blood and tissues. 
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Figure 18.4 eapillary Bed 

An arteriole gives rise to a eapillary bed, which has numerous branehes. Blood flows 
from the arteriole through thoroughfare ehannels or eapillaries to venules. Isolated 
smooth muscle eneireles the arteriole, and smooth-muscle structures ealled 
preeapillary sphineters eneirele eapillaries.The smooth muscle regulates the flow of 
blood, which deereases when the smooth muscle eontraets and inereases when it 
relaxes. Red represents oxygenated blood, blue represents deoxygenated blood. 

Blood flows from arterioles into a network of eapillaries ealled a 
eapillary bed (figure 18.4). Tbe arterioles eonneet to thoroughfare ehan- 
nels or eapillaries. Thoroughfare ehannels extend in a relatively direet 
fashion from arterioles to ventiles. Blood flow through thoroughfare 
ehannels is relatively continuous. Several eapillaries braneh from the thor- 
oughfare ehannels. Smooth muscle eells ealled preeapillary sphineters, 
which are loeated at the origin of eapillaries from thoroughfare ehannels 
and arterioles, regulate blood flow into eapillaries. Blood flow through 
eapillaries is intermittent and slower than in thoroughfare ehannels. 

Capillary beds in the skin have many more thoroughfare ehan- 
nels than eapillary beds in eardiae or skeletal muscle. Capillaries in 
the skin fimetion in thermoregulation, and heat loss results from the 
flow of a large volume of blood through the thoroughfare ehannels. 
In muscle, however, nutrient and waste product exchange is the 
major fimetion of the eapillaries. 
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7 What is the function of eapillaries and thoroughfare ehannels? What 
structure regulates the flow of blood through eapillaries? 


8 Explain why veins expand more easily than arteries. 

9 What is the function of valves in veins? 


veins 

Blood flows from eapillaries into venules (ven'oolz), which transport 
blood from eapillaries to small veins. The venules eonneeted to eapillaries 
are tubes with a diameter slightly larger than that of eapillaries and are 
eomposed of endothelium resting on a delieate eonneetive tissue layer. 
As the venules eonverge, they beeome larger in diameter, with seattered 
smooth muscle eells in their walls. Evenmally, venules have a tunic 
media, with one or two layers of smooth muscle, and a tunic adventitia. 

Small veins eolleet blood from venules and deliver it to medium- 
sized veins, which deliver the blood to large veins. Veins return blood 
to the heart under low pressure. They have relatively thin walls with 
large diameters. The three thin but distinetive tunics make up the wall 
of the veins. The predominant layer is the outer tunica adventitia, which 
eonsists primarily of dense eollagen fibers (see figure 18.2c). Veins 
expand more easily than arteries, and the eonneetive tissue of the tunica 
adventitia determines the degree to which they ean distend. Although 
their walls have less smooth muscle than arteries, they ean effeetively 
vasoeonstriet and vasodilate because of the low blood pressure. 

Veins having diameters greater than 2 mm eontain valves, which 
allow blood to flow toward the heart but not in the opposite direetion. 
Preventing the backflow of blood is neeessary because the pressure mov- 
ing blood in the veins is low. Eaeh valve eonsists of folds in the tunica 
intima that form two flaps, which are shaped like and fimetion like the 
semilunar valves of the heart. There are many valves in medium-sized 
veins (see figure 18.2 d). There are more valves in the veins of the lower 
limbs than in the veins of the upper limbs. This prevents the flow of 
blood toward the feet in response to the pull of gravity. 

varieose veins 

Varieose (vàr'T-kós) veins are permanently dilated veins in which 
the valves in the veins do not prevent the backflow of blood.They are 
most eommon in the veins of the lower limbs. As a consequence of 
varieose veins, venous pressure is greater than normal and ean result in 
edema. Some people have a genetie tendeney for the development of 
varieose veins, which is encouraged by eonditions that inerease the 
pressure in veins, causing them to streteh. Examples include standing 
in plaee for prolonged periods and pregnaney. Standing in plaee allows 
the pressure of the blood to streteh the veins, and pregnaney allows 
eompression of the veins in the pelvis by the enlarged uterus, resulting 
in inereased venous pressure in the veins that drain the lower limbs. 
Blood in the veins ean beeome so stagnant that the blood elots. The 
elots, ealled thromboses (throm-bò'sèz), ean result in inflammation of 
the veins, a eondition ealled phlebitis (fle-bT'tis, phlebo , vein). If the 
eondition beeomes severe enough, the bloeked veins ean prevent 
blood flow through eapillaries that are drained by the veins.The laek of 
blood flow ean lead to tissue death, or neerosis (nè-kró'sis, death), and 
infeetion of the tissue with anaerobie baeteria, a eondition ealled gan- 
grene (gang'grèn, an eating sore). In addition, fragments of the elots 
ean dislodge and travel through the veins to the lungs, where they ean 
cause severe damage. Fragments of thromboses that dislodge and 
float in the blood are ealled emboli (em'bó-IT, plugs). 


Aging of the Arteries 

The walls of all arteries undergo ehanges as they age, although some 
arteries ehange more rapidly than others and some individuals are 
more susceptible to ehange. The most signifieant ehange occurs in 
the large elastie arteries, such as the aorta; the large arteries that earry 
blood to the brain; and the eoronary arteries. The age-related ehanges 
deseribed here refer to these blood vessel types. Changes in muscular 
arteries do occur, but they are less dramatie and they often do not 
result in the dismption of normal blood vessel fimetion. 

Arterioselerosis (ar-tèr'è-ò-skler-o'sis, hardening of the arteries) 
eonsists of degenerative ehanges in arteries that make them less elastie. 
These ehanges occur in many individuals, and they beeome more severe 
with advaneing age. Arterioselerosis greatly inereases resistanee to blood 
flow. Therefore, advaneed arterioselerosis reduces the normal circulation 
of blood and greatly inereases the work performed by the heart. 

Arterioselerosis involves general thiekening of the tunica intima 
and the tunica media. For example, when arterioselerosis is assoeiated 
with hypertension, there is an inerease in smooth muscle and elastie 
and eollagen fibers in the arterial walls. Arterioselerosis in some older 
people ean involve arteries, primarily of the lower limbs, in which 
calcium deposits form in the tunica media of the arteries with little or 
no eneroaehment on their lumens. 

Atheroselerosis (ath'er-ó-skler-ò'sis) is the deposition of mate- 
rial in the walls of arteries to form distinet plaques. It affeets primar- 
ily medium-sized and larger arteries, including the eoronary arteries. 
The plaques form as maerophages eontaining eholesterol accumulate 
in the tunica intima, and smooth muscle eells of the tunica media 
proliferate (figure 18.5). After the plaques enlarge, they eonsist of 
smooth muscle eells; leukocytes; lipids, including eholesterol; and, in 
the largest plaques, fibrous eonneetive tissue and calcium deposits. 
The plaques narrow the lumens of blood vessels and make their walls 
less elastie. Atheroselerotie plaques ean beeome so large that they 
severely restriet, or bloek, blood flow through arteries, and the 
plaques are sites where thromboses and emboli form. 

Some investigators propose that arterioselerosis may not be a 
pathologieal proeess. Instead, it may be an aging or a wearing-out 
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Figlire 18.5 Atheroselerotie Plaque in an Artery 

Atheroselerotie plaques develop within thetissue of the artery wall. 
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proeess. Evidenee also suggests that arterioselerosis may result from 
inflammation, which, in some eases, may be the result of an autoim- 
mune disease. Atheroselerosis has been studied extensively, and there 
are many risk faetors assoeiated with the development of atherosele- 
rotie plaques. These faetors include being at an advaneed age, being a 
male, being a postmenopausal woman, having a family history of 
atheroselerosis, smoking eigarettes, having hypertension, having dia- 
betes mellitus, having inereased blood LDL and eholesterol levels, 
being overweight, leading a sedentary lifestyle, and having high blood 
triglyeeride levels. Avoiding the environmental faetors that influence 
atheroselerosis slows the development of atheroselerotie plaques. In 
some eases, the severity of the plaques ean be reduced. Lor example, 
treatments, such as regulating blood glucose levels in people with dia- 
betes mellitus and taking drugs that lower blood eholesterol levels, 
espeeially in people with high blood eholesterol levels that eannot be 
eontrolled by dietary ehanges, ean provide some proteetion. 

10 Deseribe the ehanges that occur in arteries due to arterioselerosis 
and atheroselerosis. In vvhieh vessels do the most signifìeant ehanges 
occur? 

18.3 Pulmonary Circulation 

The pulmonary circulation moves blood from the heart to the lungs 
and baek to the heart. Blood from the right ventriele is pumped into 
the piilmonary (puLmò-nàr-è, relating to the lungs) trunk (see 
ehapter 17). This short vessel branehes into the right and lefìt 
pulmonary arteries, which extend to the right and left lungs, respee- 
tively. Poorly oxygenated blood is earried by these arteries to the 
pulmonary eapillaries in the lungs, where oxygen is taken up by the 
blood and earbon dioxide is released. Blood rieh in oxygen flows 
from the lungs to the left atrium. Lour pulmonary veins, two from 
eaeh lung, earry the oxygenated blood to the left atrium. 

11 For the vessels of the pulmonary circulation, give their starting point, 
ending point, and function. 

18.4 Systemie Circulation: 

Arteries 

The systemie circulation earries blood from the heart to all parts of 
the body and baek to the heart. Oxygenated blood entering the heart 
from the pulmonary veins passes through the left atrium into the left 
ventriele and from the left ventriele into the aorta. Blood flows from 
the aorta to all parts of the body (figure 18.6). 

Aorta 

All arteries of the systemie circulation are derived either direetly or 
indireetly from the aorta (à-òr'tà, to lift up), which is usually eonsid- 
ered in three parts: the aseending aorta, the aortie areh, and the 
deseending aorta. The deseending aorta is divided further into a 
thoraeie aorta and an abdominal aorta (figure 18.7). 

The part of the aorta that passes superiorly from the left ventriele 
is ealled the aseending aorta. The right and left eoronary arteries 
arise from the base of the aseending aorta and supply blood to the 
heart (see ehapter 17). 


The aorta then arehes posteriorly and to the left as the aortie areh. 
Three major branehes, which earry blood to the head and upper limbs, 
originate from the aortie areh: the braehioeephalie artery, the left eom- 
mon earotid artery, and the left subclavian artery. 


Trauma and the Aorta 

Trauma that ruptures the aorta is almost immediately fatal. Trauma 
ean also lead to an aneurysm (an'u-rizm), however, which is a bulge 
caused by a weakened spot in the aortie wall. If the weakened aortie 
wall leaks blood slowly into the thorax, the aneurysm must be eorreeted 
surgically. Also, onee the aneurysm is formed it is likely to enlarge, and 
it beeomes more likely to rupture.The majority of traumatic aortie areh 
ruptures occur during automobile aeeidents and result from the great 
foree with which the body is thrown into the steering wheel, the dash- 
board, or other objeets. Waist-type safety belts alone do not prevent this 
type of injury as effeetively as shoulder-type safety belts and air bags. 


The deseending aorta is the longest part of the aorta. It extends 
through the thorax and abdomen to the upper margin of the pelvis. 
The thoraeie (thò-ras'ik) aorta is the portion of the deseending aorta 
loeated in the thorax. The abdominal aorta is the part of the 
deseending aorta inferior to the diaphragm. The abdominal aorta 
ends by dividing into the eommon iliae arteries (see figure 18.6). 

12 Name the parts of the aorta. How does the aorta end? 

13 Name the arteries that braneh from the aorta to supply the heart. 

Arteries to the Head and the Neek 

Ligure 18.8 is a flow ehart illustrating the relationship between the 
aorta and arteries supplying the head and thorax. The first vessel to 
braneh from the aortie areh is the braehioeephalie (brà'kè-ò-se- 
fal'ik, arm and head) artery (see figure 18.7). It is a very short artery, 
and it branehes at the level of the elaviele to form the right eommon 
earotid (ka-rot'id, to put to sleep) artery, which transports blood to 
the right side of the head and neek, and the right subclavian (siib- 
klà'vè-an, under the elaviele) artery, which transports blood to the 
right upper limb (figure 18.9). 

There is no braehioeephalie artery on the left side of the body. 
The seeond and third branehes of the aortie areh are the lefìt eom- 
mon earotid artery, which transports blood to the left side of the 
head and neek, and the left subclavian artery, which transports 
blood to the left upper limb (see figure 18.7). 

The eommon earotid arteries extend superiorly along eaeh side 
of the neek to the angle of the mandible, where they braneh into 
external and internal earotid arteries (see figure 18.9). The external 
earotid arteries have several branehes that supply the structures of the 
neek, faee, nose, and mouth. The base of eaeh internal earotid artery 
is slightly dilated to form a earotid sinus, which eontains baroreeep- 
tors important in monitoring blood pressure (see ehapter 17). The 
internal earotid arteries pass through the earotid eanals and eontrib- 
ute to the eerebral arterial eirele (eirele of Willis) at the base of the 
brain (figure 18.10). The blood vessels that supply blood to most of 
the eerebmm braneh from the eerebral arterial eirele. 
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Figlire 18.6 Major Arteries ap:r 

These major arteries earry blood from the heart to the body tissues. 
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Figure 18.7 Aorta 
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The aorta has three parts: the aseending aorta, the aortie areh, and the deseending aorta.The deseending aorta eonsists of the thoraeie and abdominal aortae. 
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Figure 18.9 Arteries of the Head and Neek apir 

The braehioeephalie artery, the right eommon earotid artery, and the right vertebral artery supply the head and neek.The right eommon earotid artery branehes from 
the braehioeephalie artery, and the vertebral artery branehes from the subclavian artery. 
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Figure 18.10 eerebral Arterial eirele 

The internal earotid and vertebral arteries earry blood to the brain.The vertebral arteries join to form the basilar artery. Branehes of the internal earotid arteries and the 
basilar artery supply blood to the brain and eomplete a eirele of arteries around the pituitary gland and the base of the brain ealled the eerebral arterial eirele (eirele of VVillis). 
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The term earotid means to put to sleep, implying that, if the earotid arteries are 
bloeked for several seeonds the patient ean lose consciousness. lnterruption of 
the blood supply for a few minutes ean result in permanent brain damage. 
What is the physiologieal signifìeanee of atheroselerosis in the earotid arteries? 


Some of the blood to the brain is supplied by the vertebral 
(ver'té-bràl) arteries, which braneh from the subclavian arteries (see 
figure 18.9) and pass to the head through the transverse foramina of 
the eervieal vertebrae. The vertebral arteries then pass into the eranial 
eavity through the foramen magnum. Branehes of the vertebral arteries 
supply blood to the spinal eord, as well as to the vertebrae, muscles, 
and ligaments in the neek. 

Within the eranial eavity, the vertebral arteries unite to form a 
single, basilar (bas'i-làr, relating to the base of the brain) artery loeated 
along the anterior, inferior surface of the brainstem (see figure 18.10). 
The basilar artery gives off-branehes that supply blood to the pons, 
cerebellum, and midbrain. It also forms right and left branehes that 
contribute to the eerebral arterial eirele. Most of the blood supply to the 
brain is through the internal earotid arteries; however, not enough 
blood is supplied to the brain to maintain life if either the earotid arter- 
ies or the vertebral arteries are bloeked. 



Stroke 


A stroke is a sudden neurological disorder, often caused by a 
deereased blood supply to a part of the brain. It ean occur as a result 
of a thrombosis (throm-bò'sis, a stationary elot), an embolism 
(em'bò-lizm, a floating elot that beeomes lodged in smaller vessels), or 
a hemorrhage (hem'ò-rij, a rupture or leaking of blood from vessels). 
Any one of these eonditions ean result in a loss of blood supply or in 
trauma to a part of the brain. As a result, the tissue normally supplied 
by the arteries beeomes neerotie (ne“-krot'ik, dead). The affeeted 
area is ealled an infaret (in'farkt, to stuff into, an area of eell death). 


14 Name the arteries that braneh from the aorta to supply the head 
and neek. 

15 Name the arteries that supply the eerebral arterial eirele. Why is blood 
delivery to the eerebral arterial eirele important? 

Arteries of the Upper Limb 

The arteries of the upper limb are named differently as they pass into 
different body regions, even though no major branehing occurs (figures 
18.11 and 18.12). The subclavian artery beeomes the axillary (ak'sil- 
àr-è, refers to the axillary area) artery at the outer border of the first rib. 
The axillary artery passes to the axilla (armpit) and beeomes the bra- 
ehial (brà'ké-àl, relating to the arm) artery at the superior border of 
the teres major muscle. The braehial artery lies medial to the proxi- 
mal humerus, but it gradually curves laterally and erosses the anterior 
elbow. Blood pressure measurements are normally taken from the 
braehial artery at the elbow. 

The braehial artery divides at the elbow into radial and ulnar 
arteries, which supply blood to the forearm and hand. The radial 


artery is the artery most eommonly used for taking a pulse. The pulse 
ean be deteeted eonveniently on the thumb (radial) side of the ante- 
rior surface of the wrist. 

The ulnar and radial arteries give rise to two arehes within the 
palm of the hand. The superficial palmar areh is formed by the 
ulnar artery and is eompleted by eonneeting to the radial artery. The 
deep palmar areh is formed by the radial artery and is eompleted by 
eonneeting to the ulnar artery. 

Digital (dij'i-tàl, relating to the digits—the fingers and the 
thumb) arteries braneh from eaeh of the two palmar arehes and unite 
to form single arteries on the medial and lateral sides of eaeh digit. 

16 Name the arteries that braneh from the aorta to supply the upper limbs. 

17 List, in order, the arteries that travel through the axilla and upper limb 
to the digits. 

Thoraeie Aorta and Its Branehes 

The branehes of the thoraeie aorta ean be divided into two groups: 
the viseeral (vis'er-àl, refers to internal organs) arteries supply the 
thoraeie organs, and the parietal arteries (pà-ri'é-tàl, wall) supply 
the thoraeie wall (see figure 18.8 and figure 18.13^). The viseeral 
arteries supply the pericardium, the esophagus, the traehea, and the 
bronehi and bronehioles of the lungs. Even though a large quantity 
of blood flows to the lungs through the pulmonary arteries, the 
bronehi and bronehioles require a separate oxygenated blood supply 
through small bronehial arteries from the thoraeie aorta. 

The major parietal arteries are the posterior intereostal (in-ter- 
kos'tàl, inter- + eosta, between the ribs) arteries, which arise from 
the thoraeie aorta and extend between the ribs. They supply intereos- 
tal muscles, the vertebrae, the spinal eord, and the deep muscles of 
the baek. The superior phrenie (fren'ik, diaphragm) arteries supply 
the diaphragm. 

The internal thoraeie arteries are branehes of the subclavian 
arteries (see figure 18.13^). They deseend along the internal surface of 
the anterior thoraeie wall and give rise to branehes ealled the anterior 
intereostal arteries, which extend between the ribs to supply the ante- 
rior ehest wall. The anterior and posterior intereostal arteries eonneet 
with eaeh other approximately midway between the ends of the ribs. 

18 Name the two types of branehes arising from the thoraeie aorta. 

What structures are supplied by eaeh group? 

19 Name two routes by which blood is delivered to the lungs. 

20 Name two routes by which blood is delivered to the thoraeie wall. 

Abdominal Aorta and Its Branehes 

Figure 18.14 is a flow ehart illustrating the relationship between the 
aorta and the arteries supplying the abdomen and pelvis. The 
branehes of the abdominal aorta, like those of the thoraeie aorta, ean 
be divided into viseeral and parietal arteries. The viseeral arteries are 
divided into paired and unpaired arteries. There are three major 
unpaired branehes: the eeliae (sè'lè-ak, belly) trunk, the superior 
mesenterie (mez-en-ter'ik, relating to membranes attaehed to the 
intestine) artery, and the inferior mesenterie artery (figure 18.13^). 
The eeliae trunk gives rise to three branehes: The splenie (splen'ik) 
artery supplies the spleen, panereas, and stomaeh; the left gastrie 
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Figlire 18.11 Arteries of the Shoulder and Upper Limb ap r, 

The arteries of the right upper limb and their branehes: the subclavian, 
axillary, radial, and ulnar arteries and their branehes. 


artery supplies the stomaeh; and the eommon hepatie artery sup- 
plies the liver, gallbladder, and small intestine (see figure 18.14). The 
superior mesenterie artery supplies blood to the small intestine and 
the proximal portion of the large intestine, and the inferior mesen- 
terie artery supplies blood to the remainder of the large intestine. 

There are three paired viseeral branehes of the abdominal aorta. 
The renal (ré'nal, kidney) arteries supply the kidneys, and the 
suprarenal (su prà-rè'nàl, superior to the kidney) arteries supply the 
adrenal glands. The testicular arteries supply the testes in males, and 
the ovarian arteries supply the ovaries in females (figure 18.13r). 

The parietal branehes of the abdominal aorta supply the dia- 
phragm and abdominal wall. The inferior phrenie arteries supply the 
diaphragm, the lumbar (between the ribs and pelvis) arteries supply 
the lumbar vertebrae and baek muscles, and the median saeral (area 
of saemrn) artery supplies the inferior vertebrae (see figure 18.13c). 
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Figure 18.13 Branehes of the Aorta 

( a ) Branehes of the aortie areh supply the head and upper limbs.The thoraeie aorta earries blood to the thorax and the abdominal aorta earries blood to the abdomen. 
LJnpaired arteries supplying abdominal organs are bolded. (ò) Branehes of the thoraeie aorta supply the thoraeie organs and posterior thoraeie wall.The internal 
thoraeie artery supplies the anterior thoraeie wall. (e) Branehes of the abdominal aorta supply the abdominopelvie organs and wall. Pair arteries are bolded. 
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From thoraeie eavity 



Flglire 18.14 Major Arteries of the Abdomen and Pelvis 

Viseeral arteries include those that are unpaired (eeliae trunk, superior mesenterie, inferior mesenterie) and those that are paired (renal, suprarenal, testicular, ovarian). 
Parietal arteries include inferior phrenie, lumbar, and median saeral. 


21 Name the three unpaired viseeral branehes of the abdominal aorta. 

22 Name the three branehes of the eeliae trunk and list the organs they 
supply. 

23 What organs are supplied by the superior and inferior mesenterie arteries? 

24 Name the three paired viseeral branehes of the abdominal aorta and 
listthe parts ofthe body they supply. 

25 Name the parietal branehes of the abdominal aorta and list the parts 
of the body they supply. 


Arteries of the Pelvis 

The abdominal aorta divides at the level of the fifth lumbar vertebra 
into two eommon iliae (il'è-ak, relating to the flank area) arteries 
(see figures 18.13 and 18.14). Eaeh eommon iliae artery divides to 
form an external iliae artery, which enters a lower limb, and an inter- 
nal iliae artery, which supplies the pelvie area. Viseeral branehes of 
the internal iliae artery supply organs such as the urinary bladder, 
rectum, uterus, and vagina. Parietal branehes supply blood to the 
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walls and floor of the pelvis; the lumbar, gluteal, and proximal thigh 
muscles; and the external genitalia. 

26 Name the arteries that braneh from the eommon iliae arteries to 
supply the lower limbs and pelvie area. 

27 Listtheorgansofthepelvisthataresupplied by viseeral and parietal 
branehes. 


Arteries of the Lower Limb 

Like the arteries of the upper limb, the arteries of the lower limb are 
named differently as they pass into different body regions, even 
though there are no major branehes (figures 18.15 and 18.16). The 
external iliae artery passes under the inguinal ligament and beeomes 
the femoral (fem'ó-ràl, relating to the thigh) artery in the thigh. The 
femoral artery extends inferiorly along the anterior medial thigh and 


Inferior vena eava 


Common iliae artery 
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Figlire 18.15 Arteries of the Pelvis and Lower Limb apír 

The internal and external iliae arteries and their branehes.The internal iliae artery supplies the pelvis and hip, and the external iliae artery supplies the lower limb 
through the femoral artery. 
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passes posteriorly through an opening in the adductor magnus muscle 
to beeome the poplitea! (pop-lit'è-àl, pop-li-tè'àl, ham, the ham- 
string area posterior to the knee) artery. The popliteal artery traverses 
the baek of the knee and divides just inferior to the knee, forming the 
anterior tibial artery and the posterior tibial artery. The anterior 
tibial artery passes anteriorly through the leg and deseends to the 
ankle, beeoming the dorsalis pedis artery on the dorsum of the foot. 
The posterior tibial artery gives off the fibidar artery, or peronea! 
artery, which supplies the lateral leg and foot. The posterior tibial 
artery deseends to the ankle and gives rise to medial and lateral 
plantar (plan'tàr, the sole of the foot) arteries, which supply the sole 
of the foot. The dorsalis pedis artery and the medial and lateral plantar 
arteries supply the digital arteries to the toes. 



The Femoral Triangle 

The femoral triangle is found in the superior and medial area of 
the thigh. Its margins are formed by the inguinal ligament, the 
medial margin of the sartorius muscle, and the lateral margin of the 
adductor longus muscle. The femoral artery, vein, and nerve pass 
through the femoral triangle. A pulse in the femoral artery ean be 
deteeted in the area of the femoral triangle, and it is an area that is 
susceptible to serious traumatic injuries that ean result in hemor- 
rhage and nerve damage. In addition, pressure ean be applied to this 
area to help prevent bleeding from wounds in more inferior areas of 
the lower limb.The femoral triangle is also an important aeeess point 
for eertain medieal procedures. 


28 List, in order, the arteries that travel from the aorta to the digits of the 
lower limbs. 

18.5 Systemie Circulation: Veins 

The superior vena eava (vé'nà kà'và, venous eave) returns blood 
from the head, neek, thorax, and upper limbs to the right atrium of 
the heart, and the inferior vena eava returns blood from the abdo- 
men, pelvis, and lower limbs to the right atrium (figure 18.17). The 
eoronary sinus and eardiae veins return blood from the walls of the 
heart to the right atrium (see ehapter 17). 

In a general way, the small and medium veins follow the same 
course as the eomparable arteries and many are given the same 
names. The veins, however, are more numerous and more variable. 
The larger veins often follow a very different course and have names 
different from the arteries. While most medium and large arteries are 
loeated deep, similar-sized veins are loeated deep or superficial. In the 
limbs, the superficial veins are usually larger than the deep veins, 
whereas in the head and trunk the opposite is the ease. 

29 Name the veins that return blood to the heart from eaeh of the major 
body areas. 

Veins of the Head and Neek 

Dural venous sinuses are blood-filled, endothelial-lined spaees 
within the dura mater surrounding the brain (see ehapter 11). Blood 
from the brain and eerebrospinal fluid from the subarachnoid spaee 
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Figure 18.17 Majorveins ap r 

These major veins earry blood from the body tissues to the heart. 
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Figure 18.18 venous Sinuses Assoeiated with the Brain 
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Figure 18.19 Veins of the Head and Neek ap;r 

The right braehioeephalie vein and its tributaries.The major veins draining the head and neek are internal and external jugular veins. 
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drain into the dural venous sinuses. The internal jugular (jug'u-lar, 
neek) veins are formed primarily as the continuation of the dural 
venous sinuses (figure 18.18). The internal jugular veins also drain 
the anterior head, faee, and neek. The internal jugular veins join the 
subclavian veins on eaeh side of the body to form the braehioee- 
phalie veins. The braehioeephalie veins join to form the superior 
vena eava (figures 18.19 and 18.20). 

The external jugular veins are smaller and more superficial than 
the internal jugular veins, and they drain blood primarily from the 
posterior head and neek. The external jugular veins drain into the 
subclavian veins. 



Faeial Pimples and Meningitis 

Because venous communication exists between the faeial veins 
and venous sinuses through the ophthalmie veins, infeetions ean be 
introduced into the eranial eavity through this route. A superficial 
infeetion of the faee on either side of the nose ean enter the faeial 
vein. The infeetion ean then pass through the ophthalmie veins to 
the venous sinuses and result in meningitis. For this reason, people 
are warned not to aggravate pimples or boils on the faee on either 
side of the nose. 


30 What are dural venous sinuses?To what large veins do the dural 
venous sinuses eonneet? 

31 Which veins join to form the braehioeephalie veins?To form the 
superior vena eava? 

32 What parts of the head and neek are drained by the internal and 
external jugular veins? 


Veins of the llpper Limb 

The veins of the upper limbs (figures 18.21 and 18.22) ean be divided 
into superficial and deep groups. The two major superficial veins are 
the basilie (ba-sil'ik, toward the base of the arm) and eephalie 
(se-fal'ik, toward the head) veins, which are responsible for draining 
most of the blood from the upper limbs. The basilie vein arises 
from superficial veins of the medial, posterior hand and curves 
around the forearm to the anterior elbow. From there, it extends 
medially along the arm and passes deep to the axilla. The basilie 
vein beeomes the axillary vein at the inferior border of the teres 
minor. The axillary vein beeomes the subclavian vein at the outer 
border of the first rib. 

The eephalie vein arises from superficial veins of the lateral 
posterior hand and curves around the forearm to the anterior 
elbow. From there, it extends laterally along the arm to the 



Figlire 18.20 Major Veins of the Head and Thorax 
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Figlire 18.21 Veins of the Shoulder and llpper Limb apir, 

The subclavian vein and its tributaries.The major veins draining the superficial structures of the limb arethe eephalie and basilie veins.The braehial veins drain the 
deep structures. 


shoulder and passes deep to join the axillary vein (see figures 
18.21 and 18.22). 

The median cubital (ku bi-tàl, pertaining to the elbow) vein is 
a variable vein that usually eonneets the eephalie vein with the basilie 
vein at the anterior elbow (see figures 18.21 and 18.22). In many 
people, this vein is quite prominent and is used as a site for drawing 
blood. There is, however, eonsiderable variation in the veins at the 


elbow. The median cubital ean be replaeed by other tributaries of the 
eephalie and basilie veins. 

The deep veins, which drain the deep structures of the upper 
limbs, follow the same course as the arteries and are named for the 
arteries they aeeompany. Digital veins drain into deep and superficial 
palmar arehes, which give rise to radial and ulnar veins. They usually 
are paired, with one small vein lying on eaeh side of their eorresponding 
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Siiperfieial 
lateral 
forearm 
and arm 


Figure 18.22 Major veins of the Shoulder and upper Limb 

The deep veins, which earry far less blood than the siiperfkial veins, are indieated by dashedlines. 


artery. Eaeh member of a pair has numerous eonneetions with the 
other member and with the superficial veins. The radial and ulnar veins 
empty into the braehial veins, which aeeompany the braehial artery 
and empty into the axillary vein (see figures 18.21 and 18.22). 

33 Deseribe two routes by which blood returns through superficial veins 
from the hand to the subclavian vein. 

34 VVhere is the median cubital vein loeated, and how is it used 
elinieally? 

35 Deseribe two routes by which blood returns through deep veins from 
the hand to the subclavian vein. 


Veins of the Thorax 

Three major veins return blood from the thorax to the superior 
vena eava: the right and left braehioeephalie veins and the azygos 
(az-l'gos, az'i-gos, unpaired) vein (figure 18.23). Blood from the poste- 
rior thoraeie wall is eolleeted by posterior intereostal veins, which 
drain into the azygos vein on the right and the hemiazygos vein or 
aeeessory hemiazygos vein on the left. The hemiazygos and aeeessory 
hemiazygos veins empty into the azygos vein, which drains into the 
superior vena eava (see figures 18.20 and 18.23). Blood drains from the 


anterior thoraeie wall by way of the anterior intereostal veins. These 
veins empty into the internal thoraeie veins, which empty into the 
braehioeephalie veins (see figure 18.20). 

36 List the three major veins that return blood from the thorax to the 
superior vena eava. 

37 By what routes does blood return to the superior vena eava from the 
posterior and anterior thoraeie walls? 

Veins of the Abdomen and Pelvis 

Blood from the posterior abdominal wall drains into the aseending 
lumbar veins. These veins are continuous superiorly with the 
hemiazygos on the left and the azygos on the right (see figure 
18.23). Blood from the rest of the abdomen, pelvis, and lower limbs 
returns to the heart through the inferior vena eava (figure 18.24). 
The gonads (testes and ovaries), kidneys, and adrenal glands are the 
only abdominal organs outside the pelvis that drain direetly into the 
inferior vena eava. The internal iliae veins drain the pelvis and join 
the external iliae veins from the lower limbs to form the eommon 
iliae veins. The eommon iliae veins eombine to form the inferior vena 
eava (figure 18.23). 
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Figlire 18.23 veins of the Thorax 

Anterior view of the azygos, hemiazygos, and aeeessory hemiazygos veins and their tributaries. 


Hepatie Portal System 

A portal (pòr'tàl, porta, gate) system is a vaseiilar system that begins 
and ends with eapillary beds and has no pumping meehanism, such as 
the heart, between them. The hepatie (he-pat'ik, relating to the liver) 
portal system (figure 18.26) earries blood through veins from eapillar- 
ies within most of the abdominal viseera, such as the stomaeh, intes- 
tines, and spleen, to eapillaries in the liver. Nutrients absorbed from 
the stomaeh or intestines are delivered to the liver by the hepatie portal 
system. The liver stores or modifies the nutrients so they ean be used 
by other eells of the body. The liver also eonverts toxic substances 
absorbed from the stomaeh or intestines into nontoxic substances. The 
hepatie portal vein, the largest vein of the system, is formed by the 
union of the superior mesenterie vein, which drains the small intes- 
tine, and the splenie vein, which drains the spleen. The splenie vein 
reeeives the inferior mesenterie vein, which drains part of the large 
intestine, and the panereatie veins, which drain the panereas. The 
hepatie portal vein also reeeives veins from the stomaeh (see figures 

18.24 and 18.26). 

The hepatie portal vein enters the liver and divides many times 
to form eapillaries supplying liver eells. Blood from the liver flows into 
hepatie veins, which join the inferior vena eava (see figure 18.26). 


38 Deseribe three routes through which blood from the abdomen 
returns to the heart. 

39 List the vessels that earry blood from the abdominal organs to the 
hepatie portal vein. 

Veins of the Lower Limb 

The veins of the lower limb, like those of the upper limb, eonsist of 
deep and superficial groups (figures 18.27 and 18.28). The digital 
veins drain the toes, and the dorsal and plantar veins drain the foot. 
The anterior and posterior tibial veins are paired and aeeompany 
the anterior and posterior tibial arteries. They unite just inferior to 
the knee to form the single popliteal vein, which aseends through 
the thigh and beeomes the femoral vein. The femoral vein beeomes 
the external iliae vein. Fibular veins, or peroneal (per-o-ne'àl) 
veins, also are paired in eaeh leg and aeeompany the fibular arteries. 
They empty into the posterior tibial veins just before those veins 
contribute to the popliteal vein. 

The superficial veins eonsist of the great and small saphenous 
veins. The great saphenous (sà-fè'nus, visible) vein, the longest 
vein of the body, originates over the dorsal and medial side of the 
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Figlire 18.24 Major Veins of the Abdomen and Pelvis 
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Figure 18.25 Inferior Vena eava and Its Tributaries 

The hepatie veins transport blood to the inferior vena eava from the hepatie portal system, which ends as a series of blood sinusoids in the liver (see figure 18.26). 
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Figure 18.26 Veins of the Hepatie Portal System apíR 

The hepatie portal system begins as eapillary beds in the stomaeh, panereas, spleen, small intestine, and large intestine.The veins ofthe hepatie portal system eonverge 
the hepatie portal vein, which earries blood to a series of eapillaries (sinusoids) in the liver. Hepatie veins earry blood from eapillaries in the liver to the inferior vena eava 
(seefigure 18.25). 
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Figlire 18.27 Veins of the Pelvis and Lower Limb ap r 

The right eommon iliae vein and its tributaries. 
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Flglire 18.28 Major Veins of the Lower Limb 


foot and aseends along the medial side of the leg and thigh to 
empty into the femoral vein. The small saphenous vein begins 
over the lateral side of the foot and aseends along the posterior leg 
to the baek of the knee, where it empties into the popliteal vein. 


i 



Blood Vessels Used for eoronary 
Bypass Surgery 

The great saphenous vein often is removed surgically and used in 
eoronary bypass surgery. Portions of the saphenous vein are grafted 
to ereate a route of blood flow that bypasses bloeked portions of the 
eoronary arteries. The circulation interrupted by the removal of the 
saphenous vein flows through other veins of the lower limb. The 
internal thoraeie artery is also used for eoronary bypasses.The distal 
end of the artery is freed and attaehed to a eoronary artery at a point 
that bypasses the bloeked portion of the eoronary artery. This teeh- 
nique appears to be better because the internal thoraeie artery does 
not beeome bloeked as quickly as the saphenous vein. 


40 Deseribe three routes by which blood returns through deep veins 
from the foot to the external iliae vein. 

41 Deseribe two routes by which blood returns through superficial veins 
from the foot to the external iliae vein. 

18.6 Physiology of Circulation 

The fimetion of the circulatory system is to maintain adequate blood 
flow to all tissues. An adequate blood flow maintains homeostasis by 
providing nutrients and oxygen to tissues and removing the waste 
products of metabolism from the tissues. Blood flows through blood 
vessels primarily as a result of the pressure produced by eontraetions 
of the hearfs ventrieles. 

Blood Pressure 

Blood pressure is a measure of the foree blood exerts against the blood 
vessel walls. In arteries, blood pressure values exhibit a eyele dependent 
on the rhythmie eontraetions of the heart. When the ventrieles 
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eontraet, blood is foreed into the arteries, and the pressure reaehes a 
maximum, ealled the systolie pressure. When the ventrieles relax, 
blood pressure in the arteries falls to a minimum value, ealled the dia- 
stolie pressure. The standard unit for measuring blood pressure is 
millimeters of mercury (mm Hg). If the blood pressure is 100 mm Hg, 
the pressure is great enough to lift a column of mercury 100 mm. 

The auscultatory (aws-kul'tà-tò-rè, to listen) method of deter- 
mining blood pressure is used under most elinieal eonditions (figure 
18.29). A blood pressure cuff eonneeted to a sphygmomanometer 
(sfig'mò-mà-nom'é-ter, sphygmie , relating to the pulse + manometer, 
instmment for measuring pressure) is plaeed around the patient’s 
arm, and a stethoseope (steth'ò-skòp, stèthos , ehest + skopeó , to 
view) is plaeed over the braehial artery. The blood pressure cuff is 
then inflated until the braehial artery is eompletely bloeked. Because 
no blood flows through the eonstrieted area, no sounds ean be heard 
through the stethoseope at this point. The pressure in the cuff is then 
gradually lowered. As soon as the pressure in the cuff deelines below 
the systolie pressure, blood flows through the eonstrieted area eaeh 
time the left ventriele eontraets. The blood flow is turbulent imme- 
diately downstream from the eonstrieted area. This turbulence pro- 
duces vibrations in the blood and surrounding tissues that ean be 
heard through the stethoseope. These sounds are ealled Korotkofìf 
(Kò-rot'kof, Nikolai Korotkoff, Russian physieian [1874—1920]) 


sounds, and the pressure at which the first Korotkoff sound is heard 
is the systolie pressure. 

As the pressure in the blood pressure cuff is lowered still more, 
the Korotkoff sounds ehange tone and loudness. When the pressure 
has dropped until the braehial artery is no longer eonstrieted and 
blood flow is no longer turbulent, the sound disappears eompletely. 
The pressure at which the Korotkoff sounds disappear is the diastolie 
pressure. The braehial artery remains open during systole and dias- 
tole, and continuous, nonturbulent blood flow is reestablished. 

The systolie pressure is the maximum pressure produced in the 
large arteries. It is also a good measure of the maximum pressure 
within the left ventriele. The diastolie pressure is elose to the lowest 
pressure within the large arteries. During relaxation of the left ven- 
triele, the aortie semilunar valve eloses, trapping the blood that was 
ejeeted during ventricular eontraetion in the aorta. The pressure in 
the ventrieles falls to 0 mm Hg during ventricular relaxation. The 
blood trapped in the elastie arteries is eompressed by the reeoil of the 
elastie arteries, however, and the pressure falls more slowly, reaehing 
the diastolie pressure (see figure 17.16). 

42 Define bloodpressure. Deseribe how systolie and diastolie blood 
pressure ean be measured. 


1. No sound is heard because there is no 
blood flow when the cuff pressure is 
high enough to keep the braehial 
artery elosed. 

2. Systolie pressure is the pressure at 
which a Korotkoff sound is first heard. 
When cuff pressure deereases and is 
no longer able to keep the braehial 
artery elosed during systole, blood is 
pushed through the partially opened 
braehial artery to produce turbulent 
blood flow and a sound. The braehial 
artery remains elosed during diastole. 

3. As cuff pressure continues to 
deerease, the braehial artery opens 
even more during systole. At first, the 
artery is elosed during diastole, but, as 
cuff pressure continues to deerease, 
the braehial artery partially opens 
during diastole. Turbulent blood flow 
during systole produces Korotkoff 
sounds, although the piteh of the 
sounds ehanges as the 

artery beeomes more open. 

4. Diastolie pressure is the pressure at 
which the sound disappears. 
Eventually, cuff pressure deereases 
below the pressure in the braehial 
artery and it remains open during 
systole and diastole. Nonturbulent flow 
is reestablished and no 

sounds are heard. 
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Blood Flow Throiigh a Blood vessel 

Blood flow through a blood vessel is the volume of blood that passes 
through the vessel per unit of time. The blood flow in a vessel ean be 
deseribed by the following equation: 



where P\ and P 2 are the pressures in the vessel at points one and two, 
respeetively, and R is the resistanee to flow. Blood always flows from an 
area of higher pressure to an area of lower pressure and, the greater the 
pressure differenee, the greater the rate of flow. For example, the average 
blood pressure in the aorta (P{) is greater than the blood pressure in the 
relaxed right atrium (P 2 ). Therefore, blood flows from the aorta to tis- 
sues and from tissues to the right atrium. If the heart should stop eon- 
traeting, the pressure in the aorta would beeome equal to that in the 
right atrium and blood would no longer flow. 

The flow of blood, resulting from a pressure differenee between 
the two ends of a blood vessel, is opposed by a resistanee to flow. As 
the resistanee inereases, blood flow deereases; as the resistanee 
deereases, blood flow inereases. Faetors that affeet resistanee ean be 
represented as follows: 

„ 128 vl 

Resistanee =-— 


where v is the viseosity of blood, / is the length of the vessel, and d is 
the diameter of the vessel. The diameter of a round vessel is the dis- 
tanee from one side of the vessel through the eenter of the vessel to the 
opposite side. Both 128 and tt are eonstants and, for praetieal pur- 
poses, the length of the blood vessel is eonstant. Thus, the diameter of 
the blood vessel and the viseosity of the blood determine resistanee. 

When the equation for resistanee is eombined with the equation 
for flow, the following relationship, ealled Poisemlle’s (pwah-zuh' yes) 
law, results: 



n (Pi ~ P 2 )d 4 

128 vl 


Aeeording to Poiseuille’s law, a small ehange in the diameter of a ves- 
sel dramatieally ehanges the resistanee to flow, and therefore the 
amount of blood that flows through the vessel, because the diameter 
is raised to the fourth power. Vasoeonstrietion deereases the diameter 
of a vessel, inereases the resistanee to flow, and deereases the blood 
flow through the vessel. For example, deereasing the diameter of a 
vessel by half inereases the resistanee to flow 16-fold and deereases 
flow 16-fold. Vasodilation inereases the diameter of a vessel, deereases 
resistanee to flow, and inereases blood flow through the vessel. 

Viseosity (vis-kos'i-tè) is a measure of the resistanee of a liquid 
to flow. A eommon means for reporting the viseosity of liquids is to 
eonsider the viseosity of distilled water as 1 and to eompare the vis- 
eosity of other liquids with it. Using this procedure, whole blood 
normally has a viseosity of 3.0—4.5. As the viseosity of a liquid 
inereases, the pressure required to foree it to flow inereases. It takes 
3.0—4.5 times as much pressure to move whole blood through a tube 
at the same rate as water. 

The viseosity of blood is influenced largely by hematoerit 
(hè'mà-tó-krit, hem'à-tó-krit), which is the pereentage of the total 
blood volume eomposed of red blood eells (see ehapter 16). 
inereasing the number of red blood eells or deereasing plasma vol- 


ume inereases hematoerit; deereasing the number of red blood eells 
or inereasing plasma volume deereases viseosity. As the hematoerit 
ehanges, the viseosity of blood ehanges logarithmieally. Blood with 
a hematoerit of 45% has a viseosity about three times that of water, 
whereas blood with a very high hematoerit of 65% has a viseosity 
about seven to eight times that of water. Viseosity above its normal 
range of values inereases the workload on the heart; if this workload 
is great enough, heart failure ean result. 

43 Define blood flow and resistonee. 

44 Deseribe the relationship among blood flow, blood pressure, and 
resistanee. 

45 Aeeording to Poiseuille's law, what effeet do viseosity, blood vessel 
diameter, and blood vessel length have on resistanee? On blood flow? 

46 Define viseosity, and state the effeet of hematoerit on viseosity. 


Prediet 



Use Poisemlle's law to explain the effeet of the following on blood flow: 

(a) vasoeonstrietion of blood vessels in the skin in response to eold exposure, 

(b) vasodilation of the blood vessels in the skin in response to an elevated 
body temperature, (e) erythroeytosis, which results in a greatly inereased 
hematoerit, and (d) dehydration. 


Blood Flow Through the Body 

The equation for blood flow ean be used to deseribe blood flow 
through the body. The volume of blood flowing through the body 
per minute is eardiae output (CO), which is the volume of blood 
pumped per minute by the left ventriele (see ehapter 17). Thus, flow 
(F) in the equation for blood flow is CO. Contractions of the left 
ventriele maintain a mean arterial pressure (MAP) of 100 mm Fflg 
in the aorta. Blood flows from the aorta to the relaxed right atrium, 
which has a pressure near 0 mm Fflg. Thus, P\ — P 2 is MAP — 0, or 
MAP. Peripheral resistanee (PR) is the sum of all the resistanees 
to blood flow in all of the blood vessels in the body. Thus, R in the 
flow equation beeomes PR. 




MAP 

~PR~ 


Rearranging the terms of the equation, 

MAP = COX PR 

Thus, maintaining adequate blood pressure, which is neeessary for 
blood delivery to tissues, depends on CO and PR. Peripheral resis- 
tanee is maintained and regulated through the sympathetie division of 
the autonomic nervous system (ANS). Continual sympathetie stimu- 
lation of the smooth muscle in the walls of blood vessels keeps them 
in a state of partial eonstrietion ealled vasomotor tone. Changing the 
amount of sympathetie stimulation ehanges vasomotor tone and 
peripheral resistanee. inereased sympathetie stimulation of blood ves- 
sel smooth muscle causes vasoeonstrietion by deereasing blood vessel 
diameter. inereased vasoeonstrietion inereases vasomotor tone and 
the resistanee to blood flow, which inereases peripheral resistanee. 
Conversely, deereased sympathetie stimulation results in vasodilation, 
deereased vasomotor tone, and deereased peripheral resistanee. 
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Prediet 



What effeet do vasoeonstrietion and vasodilation have on MAP? Explain. 


The aortie pressure fluctuates between a systolie pressure of 120 
mm Hg and a diastolie pressure of 80 mm Hg (figure 18.30). MAP 
is slightly less than the average of systolie and diastolie pressures 
because diastole lasts longer than systole. MAP is approximately 70 
mm Hg at birth, is slightly less than 100 mm Hg from adoleseenee 
to middle age, and reaehes 110 mm Hg in healthy older persons, but 
it ean be as high as 130 mm Hg. 

Blood pressure falls progressively as blood flows from arteries 
through the eapillaries and veins to about 0 mm Hg by the time blood 
is remrned to the right atrium (see figure 18.30). The greater the 
resistanee to blood flow in a blood vessel, the more rapidly the pres- 
sure deereases as blood flows through it. The most rapid deeline in 
blood pressure occurs in the arterioles and then in eapillaries because 
their small diameters inerease the resistanee to blood flow. In addition, 
the pressure is damped, in that the differenee between the systolie and 
diastolie pressures is deereased in the small-diameter vessels. By the 
time blood reaehes the eapillaries, there is no variation in blood pres- 
sure, and only a steady pressure of about 30 mm Hg remains. 

47 Deseribe the relationship among blood pressure, eardiae output, and 
peripheral resistanee. 

48 Define vasomotortone. How do vasoeonstrietion and vasodilation 
affeet peripheral resistanee? 

49 Deseribe the ehanges in resistanee and blood pressure as blood flows 
through the aorta to the superior and inferior venae eavae. 
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Figure 18.30 Blood Pressure in the Major Blood 

vessel Types 

ln small arteries and arterioles, blood pressure fluctuations between systole 
and diastole are reduced. No large fluctuations in blood pressure occur in 
eapillaries and veins.The largest drop in blood pressure occurs in the arterioles 
and eapillaries. 


Pulse Pressure and Vascular 
eomplianee 

Pulse pressure is the differenee between the systolie and diastolie pres- 
sures. If a person has a systolie pressure of 120 mm Hg and a diastolie 
pressure of 80 mm Hg, the pulse pressure is 40 mm Hg. Two major 
faetors influence pulse pressure: stroke volume and vascular eompli- 
anee. When the stroke volume inereases, the systolie pressure inereases 
more than the diastolie pressure, causing the pulse pressure to inerease. 

Vascular eomplianee (kom-pll'ans) is the tendeney for blood 
vessel volume to inerease as the blood pressure inereases. The more 
easily the vessel wall stretehes the greater is its eomplianee, whereas the 
less easily the vessel wall stretehes the smaller is its eomplianee. By anal- 
ogy, it is easier to blow up a thin-walled (more eompliant) balloon than 
a thick-walled (less eompliant) balloon. As vascular eomplianee 
deereases, pulse pressure inereases. Arterioselerosis in older people 
results in less elastie arteries, which deereases eomplianee. The 
deereased eomplianee causes the pressure in the aorta to rise more 
rapidly and to a greater degree during systole. Thus, for a given stroke 
volume, systolie pressure and pulse pressure are higher. Arterioselerosis 
inereases the amount of work performed by the heart because the left 
ventriele must produce a greater pressure to ejeet the same amount of 
blood into a less elastie artery. In severe eases, the inereased workload 
on the heart leads to heart failure. 

Ejeetion of blood from the left ventriele into the aorta produces 
a pulse, or pressure wave, which travels rapidly along the arteries. 
The rate of transmission of the pulse wave is much more rapid than 
the flow of blood. A pulse wave takes approximately 0.1 see to travel 
from the aorta to the radial artery, whereas a drop of blood takes 
approximately 8 see to make the same journey. 

A pulse ean be felt at loeations where large arteries are elose to 
the surface of the body (figure 18.31). It is helpful to know the major 
loeations where the pulse ean be deteeted because monitoring the 
pulse is important elinieally. Heart rate, heart rhythm, and other 
eharaeteristies ean be determined by feeling the pulse. For example, 
a weak pulse usually indieates a deereased stroke volume or inereased 
eonstrietion of the arteries. 

50 Define pulsepressure and vascular eomplianee. How do stroke voliime 
and vascular eomplianee affeet pulse pressure? 

51 What is a pulse? 


Prediet 



A weak pulse occurs in response to premature beats of the heart and during 
cardiovascular shoek due to hemorrhage. A stronger-than-normal pulse occurs 
in a person who has reeeived too much saline intravenously and in a healthy 
exercising person. Explain the causes for the ehanges in the pulse under these 
eonditions. 


Blood Pressure and the 

Effeet of Gravity 

Hydrostatie pressure is the pressure, or weight, produced by a column 
of fluid due to the effeets of gravity. When a person is standing, the 
blood pressure in a blood vessel in the foot results from the pressure 
generated by eontraetion of the heart plus the hydrostatie pressure 
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Figure 18.31 Major Points at Which the Piilse ean Be 

Monitored 

Eaeh pulse point is named after the artery on which it occurs. 


produced by the a column” of blood above the foot. The hydrostatie 
pressure at the foot adds approximately 90 mm Hg to the pressures 
reeorded in figure 18.30. Blood pressure is approximately 0 mm Hg in 
the relaxed right atrium, and it averages approximately 100 mm Hg in 
the aorta. In the foot, pressure in a vein is approximately 90 mm Hg 
and in an artery is approximately 190 mm Hg. 

When a person ehanges position from lying down to standing, 
the blood pressure in the veins of the lower limbs inereases. The 
eomplianee of veins is approximately 24 times greater than the eom- 
plianee of arteries because of the structure of their walls. The 
inereased blood pressure causes the distensible (eompliant) veins to 
expand, but has little effeet on the arteries. Venous return deereases 
because less blood is remrning to the heart as the veins are filling with 
blood. As venous return deereases, eardiae output and blood pressure 
deerease, and there is inadequate delivery of blood to the brain. 
Homeostasis of the brain is dismpted and dizziness or fainting ean 
occur, unless negative feedbaek meehanisms, such as the baroreeep- 
tor reflex, eompensate and cause blood pressure to inerease. 

52 Define hydrostatie pressure. Flow does it affeet blood pressure in the 
feet of a standing person? 

53 Do veins or arteries have greater eomplianee? 

54 What effeet does standing have on venous return and eardiae output? 


Prediet 



If a person faints upon standing, explain why falling to a horizontal position re- 
stores homeostasis. 


eapillary Exchange and Regulation 
of Interst tial Fluid volume 

There are approximately 10 billion eapillaries in the body. The heart 
and blood vessels all maintain blood flow through those eapillaries 
and support eapillary exchange, which is the movement of sub- 
stanees between eapillaries and the interstitial fluids of tissues. 
Capillary exchange is the proeess by which eells reeeive everything 
they need to survive and to eliminate metabolie waste products. If 
blood flow through eapillaries is not adequate to maintain eapillary 
exchange, eells eannot survive. 

Substances leave the blood and enter the interstitial fluid of tis- 
sues by passing through or between the endothelial eells of eapillaries. 

1. Passage through endothelial eells. Substances ean pass through 
endothelial eells by erossing their plasma membranes. Chapter 3 
deseribes four ways that substances pass through plasma 
membranes: diffhsion, osmosis, mediated transport, and 
vesicular transport. For example, in vesicular transport, 
endothelial eells take in substances from the blood by 
pinoeytosis. The vesieles formed eross the eell and release their 
eontents into the interstitial fluid by exocytosis. Some 
endothelial eells are penetrated by large pores, ealled fenestrae 
(fe-nes'trè, windows), through which substances ean pass 
through the eells. 

2. Passage betiveen endothelial eells. In a typieal eapillary, there are 
intercellular spaees approximately 6—7 nm wide between eells 
through which substances ean pass. 

Lipid-soluble molecules eross eapillary walls by diffhsing through 
the plasma membranes of the endothelial eells of the eapillaries. 
Examples include oxygen, earbon dioxide, steroid hormones, and 
fatty aeids. 

The permeability of eapillaries to water-soluble substances, such 
as glucose and amino aeids, varies tremendously. In a typieal eapillary 
the spaee between endothelial eells allows the passage of most sub- 
stanees, except for proteins. In the kidneys, there are many fenestrae, 
which also allow the passage of most substances, except for proteins. 
The numerous fenestrae allow large amounts of substances to move 
rapidly from the blood into kidney tubules, where urine is produced. 
In the liver, the spaees between the endothelial eells are large enough 
to allow proteins to pass through them. The eapillaries in the brain 
forming the blood—brain barrier (see ehapter 11) have tight junctions 
between eells (see ehapter 3), and few molecules pass between them. 
In these eapillaries, mediated transport proeesses move water-soluble 
substances aeross the eapillary walls. 

Diffhsion, osmosis, and filtration are the primary means by 
which most substances eross eapillary walls. Nutrients, oxygen, and 
hormones diffu.se from a higher eoneentration in eapillaries to a 
lower eoneentration in the interstitial fluid. Waste products, includ- 
ing earbon dioxide, diffu.se from a higher eoneentration in the inter- 
stitial fluid to a lower eoneentration in the eapillaries. 

Osmosis is the movement of water aeross a seleetively perme- 
able membrane. The eapillary wall aets as a seleetively permeable mem- 
brane that prevents proteins from moving from the eapillary into the 
interstitial fluid but allows water to move aeross the wall of the eapillary. 
There is a higher eoneentration of proteins in the blood than in the 
interstitial fluid. Consequently, water moves from the less eoneentrated 
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interstitial fluid, which has fewer proteins but more water molecules, 
into the more eoneentrated blood, which has more proteins but fewer 
water molecules (see ehapter 3). Materials dissolved or suspended in the 
water that ean pass through the eapillary wall aeeompany the water into 
the blood. 

Filtration is the movement of fluid through a partition eontaining 
small holes. The fluid movement results from the pressure or weight of 
the fluid pushing against the partition, and the fluid moves from the 
side of the partition with the greater pressure to the side with the lower 
pressure. The fluid and substances small enough to pass through the 
holes move through the partition, but substances larger than the holes 
do not pass through it. For example, in a ear, oil but not dirt partieles 
passes through an oil filter. In eapillaries, blood pressure moves fluid 
through the spaees between endothelial eells or through fenestrae. 

Blood pressure forees fluid out of eapillaries and osmosis moves 
fluid into them. The balanee between these two forees determines 
whether or not fluid leaves or enters eapillaries. At the arterial end of 
the eapillary, the movement of fluid out of the eapillary caused by 
blood pressure is greater than the movement of fluid into the eapil- 
lary as a result of osmosis (figure 18.32; note the size of the arrows 
representing fluid movement caused by blood pressure and osmosis). 
Consequently, there is a net movement of fluid out of the eapillary. 

At the venous end of the eapillary, blood pressure is lower than 
at the arterial end because of the resistanee to blood flow through the 
eapillary. Consequently, the movement of fluid into the eapillary 
caused by osmosis is greater than the movement of fluid out of the 
eapillary resulting from blood pressure, and there is a net movement 
of fluid into the eapillary (see figure 18.32). 

Approximately nine-tenths of the fluid that leaves the eapillary at 
the arterial end reenters the eapillary at its venous end. The remaining 


one-tenth of the fluid enters the lymphatie eapillaries and is evenmally 
returned to the blood (see ehapter 19). 



Edema 


Edema, or swelling, of tissues results from inereased interstitial fluid 
caused by a disruption of the normal inwardly and outwardly direeted 
pressures aeross the eapillary walls. For example, inflammation results 
in an inerease in the permeability of eapillaries. Proteins, mainly albu- 
min, leak out of the eapillaries into the interstitial fluid. As the eoneen- 
tration differenee for proteins deereases between the blood and the 
interstitial fluid, less water moves by osmosis into eapillaries. 
Consequently, more fluid passes out the arterial end of eapillaries and 
less fluid passes into the venous ends of eapillaries. The lymphatie 
eapillaries eannot earry all of the fluid away, and edema results. 

Standing still for long periods ean cause edema. Standing 
inereases the hydrostatie pressure in the lower limbs, espeeially the 
feet. Consequently, blood pressure at the arterial end of eapillaries 
inereases, and more fluid leaves the blood and enters the tissues. 
Blood pressure also inereases at the venous end of the eapillaries, 
which deereases the net movement of fluid from the tissues into the 
blood (see fìgure 18.32). Edema results when the fluid buildup 
exceeds the ability of the lymphatie eapillaries to remove fluid. Up to 
15%-20% of the total blood volume ean pass through the walls of the 
eapillaries into the interstitial fluids of the lower limbs during 15 min- 
utes of standing still. Movement of the limbs helps prevent edema 
because the eompression of veins and lymphatie vessels by skeletal 
muscles helps move fluid out of tissues. 


1. At the arterial end of the 
eapillary, the movement of 
fluid out of the eapillary due 
to blood pressure is greater 
than the movement of fluid 
into the eapillary due to 
osmosis (green arrow is 
larger than orange arrow). 


2. At the venous end of the 
eapillary, the movement of 
fluid into the eapillary due to 
osmosis is greater than the 
movement of fluid out of the 
eapillary due to blood 
pressure (orange arrow is 
larger than green arrow). 


3. Approximately nine-tenths of 
the fluid (blue arrow) that 
leaves the eapillary at its 
arterial end reenters the 
eapillary at its venous end. 
About one-tenth of the fluid 
passes into the lymphatie 
eapillaries. 


1/10 volume to lymphatie eapillaries 



Proeess Figure 18.32 Fluid Exchange Aeross the walls of eapillaries apr 
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55 Define eapillary exchange. What are the two basie ways in which 
eapillary exchange takes plaee? What are fenestrae? 

56 How do lipid-soluble and water-soluble substances pass through 
eapillaries? Explain the basis for the wide variability of eapillary 
permeability to water-soluble substances. 

57 Define osmosis and filtration. Explain how they account for the 
movement of fluid out of and into eapillaries. 

58 How much of the fluid leaving the arterial ends of eapillaries reenters 
the blood atthe venous ends of eapillaries? What happenstothe 
excess fluid entering tissues? 


period, the diameter and the niimber of eapillaries in the tissue inerease, 
and loeal blood flow inereases. The inereased density of eapillaries in the 
well-trained skeletal muscles of athletes, eompared with that in poorly 
trained skeletal muscles, is an example. 

59 What is the role of arterioles and preeapillary sphineters in matehing 
blood flowthrough eapillaries to the metabolie needs of tissues? 

60 How is long-term regulation of blood flow through tissues 
aeeomplished? 


Prediet 



Explain how a loss of protein molecules in urine through the kidneys and protein 
starvation result in edema. Explain why people who are suffering from edema in 
the legs are told to keep them elevated. 


18.7 eontrol of Blood Flow 

Blood ílow is highly eontrolled and matehed elosely to the metabolie 
needs of tissues. Meehanisms that eontrol blood flow to and through 
tissues are elassified as (1) loeal eontrol and (2) nervous and hor- 
monal eontrol. 


Loeal eontrol 

Blood flow at the tissue level is regulated by arterioles and preeapillary 
sphineters. The arterioles eontrol the amount of blood reaehing the 
eapillary beds, and the preeapillary sphineters eontrol the flow of 
blood through eapillaries (see figure 18.4). The arterioles and the 
preeapillary sphineters are regulated by loeal eontrol. The arterioles are 
also regulated by nervous and hormonal eontrol (see next seetion). 

Loeal eontrol is the response of vascular smooth muscle to 
ehanges in tissue gases, nutrients, and waste products levels; it does 
not involve the nervous system or hormones. Arterioles vasodilate 
and preeapillary sphineters relax when oxygen levels deerease or, to a 
lesser degree, when glucose, amino aeids, fatty aeids, and other nutri- 
ents deerease. An inerease in earbon dioxide and laetie aeid or a 
deerease in pH also causes arterioles to vasodilate and preeapillary 
sphineters to relax. For example, during exercise, the metabolie needs 
of skeletal muscle inerease dramatieally, and the by-products of 
metabolism are produced at a more rapid rate. Loeal eontrol inereases 
blood flow to mateh the metabolie needs of the tissue. Conversely, 
when metabolie needs are low, the vasoeonstrietion of arterioles and 
eontraetion of preeapillary sphineters reduce blood flow. 


Prediet 



A student has been sitting for a short time with her legs erossed. After getting 
up to walk out of elass, she notiees a red bloteh on the baek of one of her legs. 
On the basis of what you know about the loeal eontrol of blood flow, explain 
why this happens. 


Nervous and Hormonal eontrol 

Blood flow through arterioles, arteries, and veins is regulated by ner- 
vous and hormonal meehanisms. An area of the lower pons and 
upper medulla oblongata, ealled the vasomotor eenter, continually 
transmits a low frequency of aetion potentials through sympathetie 
fibers to the smooth muscle of blood vessels, except for the preeapil- 
lary sphineters (figure 18.33). As a consequence, the peripheral blood 
vessels, espeeially the arterioles, are continually in a partially eon- 
strieted state, a eondition ealled vasomotor tone. inereased sympa- 
thetie stimulation of a blood vessel causes vasoeonstrietion, and 
deereased stimulation causes vasodilation. 

Areas throughout the pons, midbrain, and dieneephalon ean 
stimulate or inhibit the vasomotor eenter. For example, the hypo- 
thalamus ean exert either strong excitatory or inhibitory effeets on 
the vasomotor eenter. inereased body temperature deteeted by tem- 
perature reeeptors in the hypothalamus causes vasodilation of blood 



Spinal eord 


Vasomotor eenter 
in mediilla oblongata 


The long-term regulation of blood flow through tissues is matehed 
elosely to the metabolie requirements of the tissue. If the metabolie 
aetivity of a tissue inereases and remains elevated for an extended 


Figure 18.33 Nervous Regulation of Blood vessels 

Most blood vessels are innervated by sympathetie nerve fibers.The 
vasomotor eenter within the medulla oblongata plays a major role in regulating 
the frequency of aetion potentials in nerve fibers that innervate blood vessels. 
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Hypertension 



Hypertension, or high blood pres- 
sure, affeets approximately 20% of the 
human population at some time in their 
lives. Generally, a person is eonsidered 
hypertensive if the systolie blood pressure is 
greater than 140 mm Hg and the diastolie 
pressure is greater than 90 mm Hg. Current 
methods of evaluation, hovvever, take into 
eonsideration diastolie and systolie blood 
pressures in determining vvhether a person 
is suffering from hypertension. In addition, 
normal blood pressure is age-dependent, so 
elassifkation of an individual as hyperten- 
sive depends on the person's age. 

Chronic hypertension has an adverse 
effeet on the function of both the heart and 
the blood vessels. Hypertension requires 
the heart to vvork harder than normal. This 
extra vvork leads to hypertrophy of the ear- 
diae muscle, espeeially in the left ventriele, 
and ean lead to heart failure. Hypertension 
also inereases the rate at vvhieh arteriosele- 
rosis develops. Arterioselerosis, in turn, 
inereases the probability that blood elots, or 


thromboses (throm'bò-séz), vvill form and 
that blood vessels vvill rupture. Common 
medieal problems assoeiated vvith hyper- 
tension are eerebral hemorrhage, eoronary 
infaretion, hemorrhage of renal blood ves- 
sels, and poor vision caused by burst blood 
vessels in the retina. 

Some eonditions leading to hyperten- 
sion are a deerease in functional kidney 
mass, excess aldosterone or angiotensin 
production, and inereased resistanee to 
blood flovv in the renal arteries. All of these 
eonditions cause an inerease in total blood 
volume, vvhieh causes eardiae output to in- 
erease. inereased eardiae output forees blood 
to flovv through tissue eapillaries at a higher 
than needed rate. In response, the preeapil- 
lary sphineters eonstriet, vvhieh inereases 
peripheral resistanee. The inereased eardiae 
output and peripheral resistanee inerease 
blood pressure. 

Although these eonditions result in 
hypertension, roughly 90% of the diagnosed 
eases of hypertension are idiopathie, or 



essential, hypertension, vvhieh means the 
cause of the eondition is unknown. Drugs 
that dilate blood vessels (ealled vasodilators), 
drugs that inerease the rate of urine pro- 
duction (ealled diuretics), and drugs that 
deerease eardiae output normally are used to 
treat essential hypertension. The vasodilator 
drugs inerease the rate of blood flow through 
the kidneys and thus inerease urine produc- 
tion, and the diuretics also inerease urine 
production. inereased urine production 
reduces blood volume, which reduces blood 
pressure. Substances that deerease eardiae 
output, such as p-adrenergie-bloeking 
agents, deerease the heart rate and foree of 
eontraetion. In addition to these treatments, 
low-salt diets normally are reeommended to 
reduce the amount of sodium ehloride and 
water absorbed from the intestine into the 
bloodstream. 
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vessels in the skin (see ehapter 5). The eerebral cortex also ean either 
excite or inhibit the vasomotor eenter. For example, aetion poten- 
tials that originate in the eerebral cortex during periods of emotional 
excitement aetivate hypothalamie eenters, which in turn inerease 
vasomotor tone. 

The neurotransmitter for the sympathetie fibers is norepineph- 
rine, which binds to a-adrenergie reeeptors on blood vessel smooth 
muscle eells to cause vasoeonstrietion. Sympathetie aetion potentials 
also cause the release of epinephrine and norepinephrine into the 
blood from the adrenal medulla. These hormones are transported in 
the blood to all parts of the body. In most blood vessels, they bind to 
a-adrenergie reeeptors and cause vasoeonstrietion. In skeletal and 
eardiae muscle, epinephrine causes vasodilation. There are large 
numbers of (3-adrenergie reeeptors in addition to a-adrenergie reeep- 
tors in skeletal and eardiae muscle. Epinephrine binding to 
(3-adrenergie reeeptors promotes vasodilation. The overall effeet is 
vasodilation because the effeet of aetivating the large number of 
(3-adrenergie reeeptors outweighs the effeet of aetivating the 
a-adrenergie reeeptors. 

61 In what two ways is blood flow through arteries and veins regulated? 

62 VVhere is the vasomotor eenter loeated, and how does it eontrol 
blood fìow? 

63 What effeets do norepinephrine and epinephrine have on 
vasoeonstrietion? 


Arteries 

Although preeapillary sphineters eontrol the flow of blood through 
eapillaries, they ean eontrol only the blood that is delivered to the 
tissues. The muscular arteries and arterioles eontrol blood delivery by 
vasoeonstrieting and vasodilating. The muscular arteries eontrol the 
flow of blood to large areas of the body, such as the gastrointestinal 
traet or the limbs. For example, following a meal, muscular arteries 
supplying the gastrointestinal traet vasodilate, inereasing blood flow 
to the gastrointestinal traet. Arterioles eontrol the flow of blood to 
tissues by supplying the eapillaries. 

64 How do the muscular arteries and arterioles eontrol the flow of 
blood? What parts of the body do they affeet? 




Raynaud syndrome is a eondition in which arterioles, primarily in the fingers, 
undergo exaggerated vasoeonstrietion in response to exposure to eold or emo- 
tions. Would the fingers appear red or white? Would the preeapillary sphineters 
be relaxed or eontraeted? 


Veins 

The eomplianee of veins is approximately 24 times greater than the 
eomplianee of arteries because of the structure of their walls. Even 
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though the presstire in veins is less than in arteries, the diameter of 
veins is usually larger than that of eorresponding arteries because they 
are so eompliant. Consequently, veins aet as storage areas, or reser- 
voirs, for blood. The small to large veins hold five times as much 
blood as the eomparable arteries. 

Cardiac output depends on venous return, the amount of blood 
entering the heart. Aeeording to the Starling law, as venous return 
inereases, the heart eontraets more foreefiilly, causing stroke volume and 
eardiae output to inerease (see ehapter 17). The faetors that affeet flow 
in the veins are, therefore, of great importanee to the overall fimetion of 
the cardiovascular system. Venous return is affeeted by the following: 

1. Vasoeonstrietion and vasodilation ofveins. The veins are a 
reservoir for blood. The sympathetie division ean eontrol the 
amount of blood flowing from the reservoir to the heart. 
Vasoeonstrietion of veins pushes more blood toward the 
heart, inereasing venous return and eardiae output. 
Vasodilation of veins deereases venous return and eardiae 
output because less blood flows to the heart as the dilated 
veins are filling with blood. 

2. Blood volume. As blood volume inereases, venous return and 
eardiae output inerease. Conversely, deereased blood volume 
results in deereased venous return and eardiae output. 

3. Valves and the skeletal musclepump. Blood pressure in the 
venous system is low and blood tends to flow backwards in the 
veins when a person is standing. Valves in the veins prevent the 
backflow of blood. The skeletal muscle pump eompresses the 
veins when skeletal muscles eontraet. Compression of the veins 
pushes blood toward the heart because the valves prevent the 
backflow of blood. The aetion of the skeletal muscle pump is 
important during exercise. 

65 Do veins or arteries have greater eomplianee? 

66 How does venous return affeet eardiae output? 

67 State three ways in which venous return is inereased. 


Prediet 



What effeet does a rapid loss of blood have on MAP? Explain. Propose a meeha- 


nism by which the veins could oppose this ehange. 


18.8 Regulation of Mean 

Arterial Pressure 

Blood flow to all areas of the body depends on the maintenanee of 
an adequate pressure in the arteries. As long as arterial blood pres- 
sure is adequate, loeal eontrol of blood flow through tissues is 
appropriately matehed to their metabolie needs. If blood pressure 
is too low, the metabolie needs of tissues are not met. If blood pres- 
sure is too high, blood vessels and the heart ean be damaged. 

Blood flow through the circulatory system is determined by the 
eardiae output (CO), which is equal to the heart rate (. HR ) times the 
stroke volume (SV), and peripheral resistanee (PR), which is the 
resistanee to blood flow in all the blood vessels (see p. 348): 

MAP = CO X PR or MAP = HR X SV X PR 


This equation expresses the effeet of heart rate, stroke volume, and 
peripheral resistanee on blood pressure. An inerease in any one of them 
results in an inerease in blood pressure. Conversely, a deerease in any 
one of them produces a deerease in blood pressure. The meehanisms 
that eontrol blood pressure do so by ehanging peripheral resistanee, 
heart rate, or stroke volume. Regulatory meehanisms that eontrol blood 
volume also affeet blood pressure because stroke volume depends on the 
amount of blood entering the heart. For example, an inerease in blood 
volume inereases venous return, which inereases stroke volume. 

Two major types of eontrol systems operate to aehieve these 
responses: (1) those that respond in the short term and (2) those 
that respond in the long term. The regulatory meehanisms that 
eontrol pressure on a short-term basis respond quickly but begin 
to lose their eapaeity to regulate blood pressure a few hours to a 
few days after blood pressure is maintained at higher or lower 
values. This occurs because sensory reeeptors adapt to the altered 
pressures. The long-term regulation ofblood pressure is eontrolled 
primarily by meehanisms that influence kidney flmetion, and those 
meehanisms do not adapt rapidly to altered blood pressures. 

68 How do heart rate, stroke volume, and peripheral resistanee affeet 
mean arterial pressure? 

69 Contrastthe short-term and long-term regulation of blood pressure. 


Short-Term Regulation of 
Blood Pressure 

The short-term, rapidly aeting meehanisms eontrolling blood pres- 
sure are the baroreeeptor reflexes, the adrenal medullary meehanism, 
and ehemoreeeptor reflexes. Some of these reflex meehanisms operate 
on a minute-to-minute basis and help regulate blood pressure within 
a narrow range of values. Some of them respond primarily to emer- 
geney situations. 

Baroreeeptor Reflexes 

Baroreeeptor reflexes help regulate blood pressure by modifying heart 
rate and stroke volume (see ehapter 17). In addition, they regulate 
blood pressure by ehanging peripheral resistanee. Baroreeeptors are 
sensory reeeptors that respond to streteh in arteries caused by 
inereased blood pressure. They are seattered along the walls of most 
of the large arteries of the neek and thorax, and there are many in the 
earotid sinus at the base of the internal earotid artery and in the walls 
of the aortie areh (figure 18.34). Aetion potentials are transmitted 
from the baroreeeptors to the medulla oblongata along sensory nerve 
fibers in eranial nerves. 

A sudden inerease in blood pressure stretehes the artery walls and 
inereases aetion potential frequency in the baroreeeptors. The inereased 
aetion potential frequency delivered to the vasomotor and cardioregu- 
latory eenters in the medulla oblongata causes responses that lower the 
blood pressure. One major response is vasodilation, resulting in 
deereased vasomotor tone and peripheral resistanee. Other responses, 
eontrolled by the cardioregulatory eenter, are an inerease in the para- 
sympathetie stimulation of the heart, which deereases the heart rate, 
and a deerease in sympathetie stimulation of the heart, which reduces 
the stroke volume. The deereased heart rate, stroke volume, and 
peripheral resistanee lower the blood pressure toward its normal value. 
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1. Baroreeeptors in the earotid 
sinus and aortie areh monitor 
blood pressure. 

2. The glossopharyngeal and 
vagus nerves conduct aetion 
potentials to the cardioregulatory 
and vasomotor eenters in the 
medulla oblongata. 

3. inereased parasympathetie 
stimulation of the heart 
deereases the heart rate. 

4. inereased sympathetie 
stimulation of the heart 
inereases the heart rate and 
stroke volume. 


5. inereased sympathetie 
stimulation of blood vessels 
inereases vasoeonstrietion. 



Cardioregulatory 
and vasomotor 
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medulla oblongata 


Sympathetie 


nerves 
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baroreeeptors 


O 

Aortie areh 
baroreeeptors 


ehain 


Blood vessels 


Proeess Figure 18.34 Baroreeeptor Reflex eontrol of Blood Pressure ap:r 

An inerease in blood pressure inereases parasympathetie stimulation of the heart and deereases sympathetie stimulation of the heart and blood vessels, resulting in a 
deerease in blood pressure. A deerease in blood pressure deereases parasympathetie stimulation of the heart and inereases sympathetie stimulation of the heart and 
blood vessels, resulting in an inerease in blood pressure. 


A sudden deerease in blood pressure results in a deereased aetion 
potential frequency in the baroreeeptors. The deereased aetion potential 
frequency delivered to the vasomotor and cardioregulatory eenters in 
the medulla oblongata produces responses that raise blood pressure. 
Vasoeonstrietion inereases vasomotor tone and peripheral resistanee. 
inereased sympathetie stimulation of the heart inereases the heart rate 
and stroke volume. The inereased peripheral resistanee, heart rate, and 
stroke volume raise the blood pressure toward its normal value. 

The baroreeeptor reflexes regulate blood pressure on a moment- 
to-moment basis. When a person rises rapidly from a sitting or lying 
position to a standing position, hydrostatie pressure in the lower 
limbs inereases, resulting in deereased venous return, eardiae out- 
put, and blood pressure (see “Blood Pressure and the Effeet of 
Gravity,” p. 549). This reduction in blood pressure ean be so great 
that blood flow to the brain is reduced enough to cause dizziness or 
even loss of consciousness. The falling blood pressure aetivates the 
baroreeeptor reflexes, which reestablish normal blood pressure 
within a few seeonds. In a healthy person, there may be no aware- 
ness that blood pressure has dropped momentarily. 

70 Define baroreeeptor. Deseribe the response of the baroreeeptor reflex 
when blood pressure inereases and deereases. 


Prediet 

When a person does a headstand, what happens to blood pressure in the 
head? Explain. What happens to heart rate when doing a headstand? Explain. 




earotid Sinus Syndrome 

Oeeasionally, the applieation of pressure to the earotid arteries in 
the upper neek results in a dramatie deerease in blood pressure.This 
eondition, ealled the earotid sinus syndrome, is most eommon in 
patients in whom arterioselerosis of the earotid artery is advaneed. In 
such patients, a tight eollar ean apply enough pressure to the region 
of the earotid sinuses to stimulate the baroreeeptors. The inereased 
aetion potentials from the baroreeeptors initiate reflexes that result 
in a deerease in vasomotor tone and an inerease in parasympathetie 
aetion potentials to the heart. As a result of the deereased peripheral 
resistanee and heart rate, blood pressure deereases dramatieally. As 
a consequence, blood flow to the brain deereases to such a low level 
that the person beeomes dizzy or may even faint. People suffering 
from this eondition must avoid applying external pressure to the 
neek region. If the earotid sinus beeomes too sensitive, a treatment 
for this eondition is surgical destruction of the innervation to the 
earotid sinuses. 


Tbe baroreeeptor reflexes do not ehange the average blood pres- 
sure in the long run. The baroreeeptors adapt within 1—3 days to any 
new sustained blood pressure to which they are exposed. If the blood 
pressure is elevated for more than a few days, the baroreeeptors adapt 
to the elevated pressure and the baroreeeptor reflexes do not reduce 
the blood pressure to its original value. This adaptation is eommon 
in people who have hypertension. 
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CASE STIIDY 


A Venous Thrombosis 


Harry is a 55-year-old eollege professor who teaehes a night elass in a 
small town about 50 miles from his home. One night, as he walked to 
his ear after elass, Harry notieed that his right leg was uncomfortable. 
By the time he reaehed home, about 90 minutes later, the ealf of his 
right leg had beeome very swollen. When he extended his knee and 
plantar flexed his foot, the pain in his right leg inereased. Harry thought 
this might be a serious eondition, so he drove to the emergeney room. 

In the emergeney room, a Doppler test, which monitors the flow 
of blood through blood vessels, was performed on Harry's right leg. 
The test eonfìrmed that a thrombus had formed in one of the deep 
veins of his right leg. His pain and edema were eonsistent with the 
presenee of a venous thrombosis. 

Harry was admitted to the hospital and his physieian preseribed 
intravenous (IV) heparin. About4a.m., Harry experienced an inerease 
in his respiratory rate and his breathing beeame labored. He experi- 
eneed pain in his ehest and baek, and there was a deerease in his 
arterial oxygen levels. In response to these ehanges, Harry's physi- 
eian inereased the amount of heparin.The ehest pain and ehanges in 
Harry's respiratory movements improved overthe next 24 hours.The 
next day, a CT sean was performed and pulmonary emboli were 
identifìed, but infaretions of the lung were not apparent.The edema 
in Harry's leg also slowly improved. 

Harry was told that he would have to remain in the hospital for 
several days. Heparin was continued for several days and then oral 
coumadin was preseribed. Frequent blood samples were taken to 
determine Harry's prothrombin time. After about a week, Harry was 
released from the hospital, but his physieian preseribed oral couma- 
din for at least several months. Harry was required to have his pro- 
thrombin time (see ehapter 16) eheeked periodieally. 


Prediet 


11 


Explain why edema and pain developed in response to a thrombus 
in one of the deep veins of Harry's right leg. 

If a thrombus in the posterior tibial vein gave rise to an emboliis, 
name in order the parts of the circulatory system the emboliis would 
pass through before lodging in a blood vessel in the lungs. Explain 
why the lungs are the most likely plaees the embolus would lodge. 
Prediet the effeet of pulmonary emboli on the right ventriele's ability 
to pump blood. 

Prediet the effeet of pulmonary emboli on blood oxygen levels, on 
the left ventriele's ability to pump blood, and on systemie blood 
pressure. What responses would be aetivated by this ehange in 
blood pressure? 

Explain why Harry's physieian preseribed heparin and coumadin, and 
explain why coumadin was preseribed long after the venous 
thrombosis and lung emboli were dissolved. 


Adrenal Medullary Meehanism 

Stimuli that result in inereased sympathetie stimulation of the heart 
and blood vessels also cause inereased stimulation of the adrenal 
medulla. The adrenal medulla responds by releasing epinephrine 
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Figlire 18.35 Adrenal Medullary Meehanism 

Stimuli that inerease sympathetie stimulation of the heart and blood vessels 
also result in inereased sympathetie stimulation of the adrenal medulla and 
result in epinephrine and some norepinephrine seeretion. 


and norepinephrine into the blood (figure 18.35). The main effeet 
of epinephrine and norepinephrine is to inerease heart rate and 
stroke volume. Epinephrine causes vasodilation in skeletal muscle 
and eardiae muscle and vasoeonstrietion in the skin and kidneys. 
Norepinephrine inereases vasoeonstrietion everywhere. The overall 
effeet of epinephrine is to deerease peripheral resistanee slightly, 
whereas norepinephrine inereases peripheral resistanee. 

The adrenal medullary meehanism is short-term and rapid- 
aeting. It responds within seeonds to minutes and is usually aetive 
for minutes to hours. Other hormonal meehanisms are long-term 
and slow-acting. They respond within minutes to hours and eon- 
tinue to function for many hours to days. 

71 Deseribe the effeets of epinephrine and norepinephrine on heart 
rate, stroke volume, and peripheral resistanee. 


ehemoreeeptor Reflexes 

The ehemoreeeptor (kè'mò-rè-sepTor) reflexes help maintain 
homeostasis when oxygen tension in the blood deereases or when 
earbon dioxide and H + eoneentrations inerease (figure 18.36). 
Chemoreceptors are sensory reeeptors responding to ehemieals, 
such as oxygen, earbon dioxide, and pH. Peripheral ehemoreeep- 
tors are found in the earotid bodies, structures loeated near the 
earotid sinuses, and in the aortie bodies, loeated near the aortie 
areh. Central ehemoreeeptors are in the medulla oblongata. 

The peripheral ehemoreeeptors are most sensitive to oxygen. 
They aet under emergeney eonditions and do not regulate the eardio- 
vascular system under resting eonditions. For example, when blood 
pressure drops signifieantly, blood oxygen levels deerease because of 
inadequate circulation of blood through the lungs. The peripheral 
ehemoreeeptors stimulate the vasomotor eenter, resulting in vasoeon- 
strietion that maintains or inereases blood pressure. 
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1. Chemoreceptors in the 
earotid and aortie bodies 
monitor blood 0 2 , C0 2 , and 

pH. 

2. Chemoreceptors in the 
medulla oblongata monitor 
blood C0 2 and pH. 

3. Deereased blood 0 2 , 
inereased C0 2 , and 
deereased pH deerease 
parasympathetie stimulation 
of the heart, which 
inereases the heart rate. 

4. Deereased blood 0 2 , 
inereased C0 2 ,and 
deereased pH inerease 
sympathetie stimulation of 
the heart, which inereases 
the heart rate and foree of 
eontraetion. 

5. Deereased blood 0 2 , 
inereased C0 2 , and 
deereased pH inerease 
sympathetie stimulation of 
blood vessels, which 
inereases vasoeonstrietion. 
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Proeess Figure 18.36 ehemoreeeptor Reflex eontrol of Blood Pressure 

An inerease in blood C0 2 and a deerease in pH and 0 2 result in vasoeonstrietion and inereased heart rate and foree of eontraetion. A deerease in blood C0 2 and 
an inerease in blood pH result in vasodilation and deereased heart rate and foree of eontraetion. 


The eentral ehemoreeeptors are most sensitive to ehanges in 
earbon dioxide and pH. They also aet under emergeney eonditions 
or unusual eonditions. For example, when blood pressure drops 
signifieantly, blood earbon dioxide levels inerease because of inade- 
quate circulation of blood through the lungs. The eentral ehemore- 
eeptors stimulate the vasomotor eenter, resulting in vasoeonstrietion 
that maintains or inereases blood pressure. Heart rate and foree of 
eontraetion also inerease. This response is ealled the CNS isehemie 
response. It is aetivated only when blood pressure is very low and is 
a last-diteh effort to maintain blood pressure. If the vasomotor een- 
ter fails because of inadequate delivery of blood, vasomotor tone 
deereases, blood pressure drops, and death results. 

The peripheral and eentral ehemoreeeptor reflexes are more 
important in the regulation of respiration than in the regulation of 
the cardiovascular system (see ehapter 20). Low oxygen, inereased 
earbon dioxide, and deereased pH ean stimulate inereased rate and 
depth of respiration. The inereased respiratory aetivity stimulates 
reflexes that cause heart rate and stroke volume to inerease. Thus, 
there is a mateh between respiratory and circulatory aetivities. 

72 Define peripheral ehemoreeeptors and eentralehemoreeeptors. 

73 Deseribe the response of the peripheral ehemoreeeptor reflex to 
deereased oxygen. 

74 Deseribe the CNS isehemie response to inereased earbon dioxide. 

75 How are ehemoreeeptor reflexes involved in matehing respiratory 
and circulatory aetivities? 


Long-Term Regiilat on of 

Blood Pressure 

The regulation of blood volume and eoneentration by the kidneys 
and the movement of fluid aeross the wall of blood vessels play a 
eentral role in the long-term regulation of blood pressure. Some of 
the long-term regulatory meehanisms begin to respond in minutes, 
but they continue to fianetion for hours, days, or longer. They adjust 
the blood pressure preeisely and keep it within a narrow range of 
values for years. The major regulatory meehanisms are the renin- 
angiotensin-aldosterone meehanism, ADH (vasopressin) meeha- 
nism, atrial natriuretic meehanism, and fluid shift meehanism. 

Renin-Angiotensin-Aldosterone Meehanism 

The renin-angiotensin-aldosterone meehanism helps regulate 
blood pressure by ehanging peripheral resistanee and blood volume. 
In response to reduced blood flow, the kidneys release an enzyme 
ealled renin (rè'nin, rena, kidney) into the circulatory system (figure 
18.37). Renin aets on the blood protein angiotensinogen (an'jè-ò- 
ten-sin'ò-jen) to produce angiotensin I (an-jé-ò-ten'sin, angio, 
blood vessel + tensus, to streteh). Another enzyme, ealled angiotensin- 
eonverting enzyme, found in large amounts in organs such as the 
lungs, aets on angiotensin I to eonvert it to its most aetive form, 
ealled angiotensin II. Angiotensin II is a potent vasoeonstrietor 
substance. Thus, in response to a reduced blood pressure, the release 
of renin by the kidney inereases peripheral resistanee, which causes 
blood pressure to inerease toward its normal value. 
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1. The kidneys deteet deereased 
blood pressure, resulting in 
inereased renin seeretion. 


2. Renin eonverts 

angiotensinogen, a protein 
seereted from the liver, to 
angiotensin I. 


3. Angiotensin-eonverting 
enzyme in the lungs eonverts 
angiotensin I to angiotensin II. 


4. Angiotensin II is a potent 
vasoeonstrietor, resulting in 
inereased blood pressure. 


5. Angiotensin II stimulates the 
adrenal cortex to seerete 
aldosterone. 


6. Aldosterone aets on the 
kidneys to inerease Na + 
reabsorption. As a result, urine 
volume deereases and blood 
volume inereases, causing 
blood pressure to inerease. 
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Proeess Figure 18.37 Renin-Angiotensin-Aldosterone Meehanism 

The kidneys deteet deereased blood pressure and inerease renin seeretion. The result is vasoeonstrietion, inereased water reabsorption, and deereased urine volume, 
ehangesthat maintain blood pressure. 
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Angiotensin II also aets on the adrenal cortex to inerease the 
seeretion of aldosterone (al-dos'ter-òn). Aldosterone aets on the 
kidneys, causing them to eonserve Na + and water. As a result, the vol- 
ume of water lost from the blood into the urine is reduced. The deerease 
in urine volume results in less íluid loss from the body, which maintains 
blood volume (see figure 18.37). An adequate blood volume is essential 
for the maintenanee of normal venous return to the heart and therefore 
for the maintenanee of blood pressure. 


i 






ACE Inhibitors and Hypertension 


Angiotensin-eonverting enzyme (ACE) inhibitors are a elass of 
drugs that inhibit angiotensin-eonverting enzyme, which eonverts 
angiotensin I to angiotensin II. These drugs were fìrst identifìed as 
eomponents of the venom of pit vipers. Subsequently, several ACE 
inhibitors were synthesized. ACE inhibitors are effeetive in lowering 
blood pressure in many people who suffer from hypertension and 
are eommonly administered to people to eombat hypertension. 


adh (Vasopressin) Meehanism 

The ADH (vasopressin) meehanism works in harmony with the 
renin-angiotensin-aldosterone meehanism in response to ehanges in 
blood pressure (figure 18.38). Baroreeeptors are sensitive to ehanges 
in blood pressure, and deereases in blood pressure deteeted by the 
baroreeeptors result in the release of antidiuretic hormone (ADH), or 
vasopressin (và-sò-pres'in, vas-ò-pres'in), from the posterior pitu- 
itary. Blood pressure must deerease substantially before this meeha- 
nism is aetivated. For example, extensive burns deerease blood 
volume and blood pressure because of plasma loss at the burn site. 

Neurons of the hypothalamus are sensitive to ehanges in the 
solute eoneentration of the plasma. Even small inereases in the 
plasma eoneentration of solutes direetly stimulate hypothalamie neu- 
rons that inerease ADH seeretion (see figure 18.38 and ehapter 23). 
inereases in the eoneentration of the plasma, such as during dehydra- 
tion, stimulate ADH seeretion. 

ADH aets direetly on blood vessels to cause vasoeonstrietion, 
although it is not as potent as other vasoeonstrietor agents. Within 
minutes after a rapid and substantial deeline in blood pressure, ADH 
is released in sufficient quantities to help reestablish normal blood 
pressure. ADH also deereases the rate of urine production by the 
kidneys, thereby helping maintain blood volume and blood pressure. 

Atrial Natriuretic Meehanism 

A polypeptide ealled atrial natriuretic (a trè-àl nà'trè-u-ret'ik) hor- 
mone is released from eells in the atria of the heart. A major stimulus 
for its release is inereased venous return, which stretehes atrial eardiae 
muscle eells. Atrial natriuretic hormone aets on the kidneys to 
inerease the rate of urine production and Na + loss in the urine. It 
also dilates arteries and veins. Loss of water and Na + in the urine 
causes the blood volume to deerease, which deereases venous return, 
and vasodilation results in a deerease in peripheral resistanee. These 
effeets cause a deerease in blood pressure. 

The renin-angiotensin-aldosterone, ADH (vasopressin), and atrial 
natriuretic meehanisms work simultaneously to help regulate blood 
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Figure 18.38 adh (Vasopressin) Meehanism 

inereases in blood osmolality or deereases in blood pressure result in 
antidiuretic hormone (ADH) seeretion. ADH inereases water reabsorption by the 
kidney, and large amounts of ADH result in vasoeonstrietion.These ehanges 
maintain blood pressure. 


pressure by eontrolling urine production by the kidneys. If blood pres- 
sure drops below 30 mm Hg, the volume of urine produced by the 
kidneys is reduced to nearly zero. If blood pressure is inereased to 200 
mm Hg, the urine volume produced is approximately six to eight times 
greater than normal. The hormonal meehanisms that regulate blood 
pressure in the long term are summarized in figure 18.39. 

Fluid Shift Meehanism 

The fluid shift meehanism begins to aet within a few minutes but 
requires hours to aehieve its full fimetional eapaeity. It plays a very 
important role when dehydration develops over several hours, or 
when a large volume of saline is administered over several hours. The 
fluid shift meehanism occurs in response to small ehanges in pressures 
aeross eapillary walls. As blood pressure inereases, some fluid is foreed 
from the eapillaries into the interstitial spaees. The movement of fluid 
into the interstitial spaees helps prevent the development of high 
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Atrial natriuretic meehanism: 

Cardiac muscle eells deteet inereased atrial 
blood pressure; seeretion of atrial natriuretic 
hormone inereases. 


Renin-angiotensin-aldosterone meehanism 

The kidneys deteet inereased blood pressure; 
production of angiotensin II and seeretion of 
aldosterone from the adrenal cortex deerease. 



Effeet of inereased atrial natriuretic hormone: 

Vasodilation and deereased Na + reabsorption 
from urine. 

Effeet of deereased angiotensin II: 

Vasodilation and deereased aldosterone 
seeretion by the adrenal cortex. 

Effeet of deereased aldosterone: 

Deereased Na + reabsorption from urine; less 
waterfollows Na + , deereasing blood volume. 
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ADH (vasopressin) meehanism: 

Baroreeeptors deteet deereased blood pressure, 
resulting in inereased ADH seeretion by the 
posterior pituitary. 
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Renin-angiotensin-aldosterone meehanism 

The kidneys deteet deereased blood pressure; 
production of angiotensin II and seeretion of 
aldosterone from the adrenal cortex inerease. 



Effeet of inereased angiotensin II: 

Vasoeonstrietion and inereased aldosterone 
seeretion by the adrenal cortex. 

Effeet of inereased aldosterone: 

inereased Na + reabsorption from urine; water 
follows Na + , inereasing blood volume. 

Effeet of inereased ADH: 

• Vasoeonstrietion 

• inereased water reabsorption by the kidneys, 
which inereases blood volume. 





Homeostasis Figure 18.39 summary of Long-Term (Slow-Acting) Blood Pressure eontrol Meehanisms 

For more information on the renin-angiotensin-aldosterone meehanism see figure 18.37 (p. 558); for the ADH (vasopressin) meehanism, see figure 18.38 (p. 559). 
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blood pressure. As blood pressure falls, interstitial fluid moves into 
eapillaries, which resists a further deeline in blood pressure. The fluid 
shift meehanism is a powerful method through which blood pressure 
is maintained because the interstitial volume aets as a reservoir, and it 
is in equilibrium with the large volume of intercellular fluid. 

76 For eaeh of these hormones—renin, angiotensin, aldosterone, 
antidiuretic hormone, and atrial natriuretic hormone—state where the 
hormone is produced and what effeets it has on the circulatory system. 

77 What is fluid shift, and what does it aeeomplish? 


12 


Explain the differenees in the meehanisms that regulate blood pressure in re- 
sponse to hemorrhage that results in the rapid loss of a large volume of blood, 
eompared with hemorrhage that results in the loss of the same volume of 
blood but over a period of several hours. 


18.9 Examples of 

eardiovaseiilar Regulation 

Exercise 

During exercise, blood flow through tissues is ehanged dramatieally. 
Blood flow through exercising skeletal muscles ean be 15—20 times 
greater than through resting muscles. Loeal, nervous, and hormonal 
regulatory meehanisms are responsible for the inereased blood flow. 

When skeletal muscle is resting, only 20%—25% of the eapillaries 
in the skeletal muscle are open, whereas during exercise most or all of 
the eapillaries are open. As muscular aetivity inereases, oxygen levels in 
muscle tissue deerease and earbon dioxide and laetie aeid levels inerease. 
Loeal eontrol of blood flow in the tissues results in arteriole vasodilata- 
tion and preeapillary sphineter relaxation. Blood flow through eapillar- 
ies inereases, providing muscle eells with needed oxygen and nutrients 
and removing waste products. Peripheral resistanee deereases because of 
the arteriolar vasodilation and the relaxation of preeapillary sphineters. 
The deerease in peripheral resistanee ean produce a deerease in mean 
arterial pressure, which ean jeopardize blood delivery. inereased eardiae 
output and inereased vasoeonstrietion, however, not only prevent a 
deerease but also cause an inerease in mean arterial pressure. 

Cardiac output inereases because of inereased venous return, 
stroke volume, and heart rate. Venous return inereases because of (1) 
an inereased flow of blood through muscle eapillaries, (2) the vaso- 
eonstrietion of veins, and (3) the skeletal muscle pump. The inereased 
venous return inereases stroke volume and eardiae output (Starling 
law). In addition, deereased parasympathetie stimulation, inereased 
sympathetie stimulation, epinephrine, and norepinephrine cause 
heart rate and stroke volume to inerease. As a consequence, blood 
pressure usually inereases by 20—60 mm Hg, which helps sustain the 
inereased blood flow through skeletal muscle blood vessels. 

Despite the inereased eardiae output during exercise, resistanee to 
blood flow in skeletal muscles ean deerease so much that hypotension 
could develop. Vasoeonstrietion counters this effeet by inereasing periph- 
eral resistanee. Sympathetie stimulation and norepinephrine cause vaso- 
eonstrietion in the skin, kidneys, gastrointestinal traet, and nonexercising 
muscles. An added benefit of vasoeonstrietion in these organs is rerout- 


ing blood away from them to the exercising muscle. Vasoeonstrietion of 
arterioles in exercising muscle also helps maintain peripheral resistanee. 
Although this counteracts loeal eontrol and reduces blood flow to muscle 
tissue, it ensures adequate blood pressure for the delivery of blood. 

In response to sympathetie stimulation, some deerease in blood 
flow through the skin ean occur at the beginning of exercise. As body 
temperature inereases in response to the inereased muscular aetivity, 
however, temperature reeeptors in the hypothalamus are stimulated. 
As a result, aetion potentials in sympathetie nerve fibers causing 
vasoeonstrietion deerease, resulting in vasodilation of blood vessels in 
the skin. As a consequence, the skin turns a red or pinkish eolor, and 
a great deal of excess heat is lost as blood flows through the dilated 
blood vessels. As vasodilation occurs, sweat glands in the skin are 
stimulated to inerease sweat production. Heat is removed from the 
skin by the evaporation of sweat. 

The overall effeet of exercise on circulation is to greatly inerease 
blood flow by inereasing blood pressure and deereasing peripheral resis- 
tanee. Resistanee to blood flow deereases in exercising muscle but 
inereases elsewhere for a net deerease in peripheral resistanee. In addi- 
tion, the inereased blood flow is routed to skeletal and eardiae muscle, 
while blood flow through other organs is maintained at a value adequate 
to supply their metabolie needs. 

78 How does loeal eontrol affeet blood flow in exercising muscle? What 
effeet does this have on peripheral resistanee? 

79 What causes blood pressure to inerease during exercise? 

80 How is heat loss through the skin regulated? 

eireiilatory Shoek 

Circulatory shoek is inadequate blood flow throughout the body. As a 
consequence, tissues suffer damage resulting from a laek of oxygen. 
Severe shoek may damage vital body tissues and lead to death. 

There are several causes of circulatory shoek, but hemorrhagie 
shoek resulting from excessive blood loss exemplifies the general 
eharaeteristies of shoek. If hemorrhagie shoek is not severe, blood 
pressure deereases only a moderate amount. Under these eonditions, 
the meehanisms that normally regulate blood pressure reestablish 
normal pressure and blood flow. The baroreeeptor reflexes produce 
strong sympathetie responses, resulting in intense vasoeonstrietion 
and inereased heart rate and foree of eontraetion. The adrenal medul- 
lary meehanism inereases heart rate and foree of eontraetion. 

As a result of the reduced blood flow through the kidneys, 
inereased amounts of renin are released. The elevated renin level 
results in a greater rate of angiotensin II formation, causing vasoeon- 
strietion and inereased aldosterone release from the adrenal cortex. 
Aldosterone, in turn, promotes water and salt retention by the 
kidneys. In response to reduced blood pressure, antidiuretic hor- 
mone (ADH) is released from the posterior pituitary gland, and 
ADH causes vasoeonstrietion and enhanees the retention of water by 
the kidneys. An intense sensation of thirst leads to inereased water 
intake, which helps restore the normal blood volume. The fluid shift 
meehanism also helps maintain blood volume and blood pressure. 

In mild eases of shoek, the baroreeeptor reflexes ean be adequate 
to eompensate for blood loss until the blood volume is restored, but 
in more severe eases all the meehanisms are required to sustain life. 
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Peripheral and eentral ehemoreeeptor reflexes inerease vasoeonstrie- 
tion, heart rate, and foree of eontraetion. 

In even more severe eases of shoek, the regulatory meehanisms 
are not adequate to eompensate for the effeets of shoek. As a eonse- 
quence, a positive-feedbaek eyele begins to develop in which the 
blood pressure regulatory meehanisms lose their ability to eontrol the 
blood pressure, shoek worsens, and the effeetiveness of the regulatory 
meehanisms deteriorates even further. The positive-feedbaek eyele 
proeeeds until death occurs or until treatment, such as a transfusion, 
terminates the eyele. Several types of shoek are elassified by the cause 
of the eondition: 

1 . Hypovolemie shoek is the result of reduced blood volume. 
Hemorrhagie shoek is caused by internal or external bleeding. 
Plasma loss shoek results from a loss of plasma, such as from 
severely burned areas. Interstitial fluid loss shoek is reduced 
blood volume resulting from a loss of interstitial fluid, as in 
diarrhea, vomiting, and dehydration. 

2. Neurogenic shoek is caused by vasodilation in response to 
emotional upset or anesthesia. 

Siimmary 

18.1 Functions of the Peripheral 

Circulat!on (p. 523) 

The peripheral circulation earries blood; exchanges nutrients, waste 
products, and gases with tissues; helps regulate blood pressure; and direets 
blood flow to tissues. 

18.2 General Features of Blood 

Vessels (p. 523) 

1. Arteries earry blood away from the heart toward eapillaries, where 
exchange between the blood and interstitial fluids occurs. Veins earry 
blood from the eapillaries toward the heart. 

2. Blood flows from the heart through elastie arteries, muscular arteries, 
and arterioles to the eapillaries. 

3. Blood returns to the heart from the eapillaries through venules, small 
veins, and large veins. 

4. Blood vessels, except for eapillaries, have three layers. 

■ The inner tunica intima eonsists of endothelium (simple 
squamous epithelium), basement membrane, and internal 
elastie lamina. 

■ The middle tunica media eontains circular smooth muscle and 
elastie and eollagen fibers. 

■ The outer tunica adventitia is eonneetive tissue. 

3. The thiekness and the eomposition of the layers vary with blood vessel 
type and diameter. 

Arteries 

1. Large elastie arteries are thick-walled with large diameters. The tunica 
media has many elastie fibers and little smooth muscle. 

2. Muscular (distributing) arteries are thick-walled with small 
diameters. The tunica media has abundant smooth muscle and some 
elastie fibers. 

3. Arterioles are the smallest arteries. The tunica media eonsists of one or 
two layers of smooth muscle eells and a few elastie fibers. 


3. Anaphylaetie shoek is caused by an allergie response, 
resulting in the release of inflammatory substances that cause 
vasodilation and an inerease in eapillary permeability. Large 
amounts of fluid then move from eapillaries into the 
interstitial spaees. 

4. Septie shoek, or “blood poisoning,” is caused by infeetions 
that result in the release of toxic substances into the circulatory 
system, which depress the aetivity of the heart and lead to 
vasodilation and inereased eapillary permeability. 

3. Cardiogenic shoek results from a deerease in eardiae output 
caused by events that deerease the heart’s ability to flmetion. 
Heart attaek (myoeardial infaretion) is a eommon cause of 
eardiogenie shoek. Fibrillation of the heart, which ean be 
initiated by stimuli such as eardiae arrhythmias or exposure to 
eleetrieal shoeks, also results in eardiogenie shoek. 

81 Deseribe how various meehanisms help regulate blood pressure and 
blood volume during shoek. 

82 Deseribe the types of shoek as elassified by the causes of shoek. 


eapillaries 

1. Capillaries eonsist only of endothelium. 

2. A eapillary bed is a network of eapillaries. 

3. Thoroughfare ehannels earry blood from arterioles to venules. Blood 
ean pass rapidly through thoroughfare ehannels. 

4. Preeapillary sphineters regulate the flow of blood into eapillaries. 

Veins 

1. Venules eonneet to eapillaries and are like eapillaries, except they are 
larger in diameter. 

2. Large venules and all veins have all three layers. 

3. Valves prevent the backflow of blood in the veins. 

Aging of the Arteries 

1. Arterioselerosis results from a loss of elastieity in the aorta, large 
arteries, and eoronary arteries. 

2. Atheroselerosis is the deposition of materials in arterial walls to form 
plaques. 

18.3 Pulmonary Circulation <p. 527) 

The pulmonary circulation moves blood to and from the lungs. The 
pulmonary trunk arises from the right ventriele and divides to form the 
pulmonary arteries, which projeet to the lungs. From the lungs, four 
pulmonary veins return blood to the left atrium. 

18.4 Systemie Circulation: Arteries (p. 527) 

Arteries earry blood from the left ventriele of the heart to all parts of 
the body. 

Aorta 

1. The aorta leaves the left ventriele to form the aseending aorta, aortie areh, 
and deseending aorta (eonsisting of the thoraeie and abdominal aortae). 

2. Coronary arteries braneh from the aorta and supply the heart. 
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Arteries to the Head and the Neek 

1. The braehioeephalie, left eommon earotid, and left subclavian arteries 
braneh from the aortie areh to supply the head and the upper limbs. 

The braehioeephalie artery divides to form the right eommon earotid 
and the right subclavian arteries. The vertebral arteries braneh from the 
subclavian arteries. 

2. The eommon earotid arteries and the vertebral arteries supply the head. 

■ The eommon earotid arteries divide to form the external earotids, 
which supply the faee and mouth, and the internal earotids, which 
supply the brain. 

■ The vertebral arteries join within the eranial eavity to form the 
basilar artery, which supplies the brain. 

■ The internal earotids and basilar arteries contribute to the eerebral 
arterial eirele. 

Arteries of the Upper Limb 

1. The subclavian artery continues (without branehing) as the axillary 
artery and then as the braehial artery. The braehial artery divides into 
the radial and ulnar arteries. 

2. The radial artery supplies the deep palmar areh, and the ulnar artery 
supplies the superficial palmar areh. Both arehes give rise to the digital 
arteries. 

Thoraeie Aorta and its Branehes 

The thoraeie aorta has viseeral branehes that supply the thoraeie organs and 

parietal branehes that supply the thoraeie wall. 

Abdominal Aorta and its Branehes 

1. The abdominal aorta has viseeral branehes that supply the abdominal 
organs and parietal branehes that supply the abdominal wall. 

2. The viseeral branehes are paired and unpaired. The unpaired arteries 
supply the stomaeh, spleen, and liver (eeliae trunk); the small intestine 
and upper part of the large intestine (superior mesenterie); and the 
lower part of the large intestine (inferior mesenterie). The paired 
arteries supply the kidneys, adrenal glands, and gonads. 

Arteries of the Pelvis 

1. The eommon iliae arteries arise from the abdominal aorta, and the 
internal iliae arteries braneh from the eommon iliae arteries. 

2. The viseeral branehes of the internal iliae arteries supply the pelvie 
organs, and the parietal branehes supply the pelvie wall and floor and 
the external genitalia. 

Arteries of the Lower Limb 

1. The external iliae arteries braneh from the eommon iliae arteries. 

2. The external iliae artery continues (without branehing) as the femoral 
artery and then as the popliteal artery. The popliteal artery divides to 
form the anterior and posterior tibial arteries. 

3. The posterior tibial artery gives rise to the fibular (peroneal) and plantar 
arteries. The plantar arteries form the plantar areh, from which the 
digital arteries arise. 

18.5 Systemie Circulation: veins (p. 536) 

1. The three major veins returning blood to the heart are the superior vena 
eava (head, neek, thorax, and upper limbs), the inferior vena eava 
(abdomen, pelvis, and lower limbs), and the eoronary sinus (heart). 

2. Veins are of three types: superficial veins, deep veins, and sinuses. 

veins of the Head and Neek 

1. The internal jugular veins drain the dural venous sinuses and the veins 
of the anterior head, faee, and neek. 

2. The external jugular veins and the vertebral veins drain the posterior 
head and neek. 


veins of the Upper Limb 

1. The deep veins are the small ulnar and radial veins of the forearm, 
which join the braehial veins of the arm. The braehial veins drain into 
the axillary vein. 

2. The superficial veins are the basilie, eephalie, and median cubital. 

■ The basilie vein beeomes the axillary vein, which then beeomes the 
subclavian vein. The eephalie vein drains into the axillary vein. 

■ The median cubital eonneets the basilie and eephalie veins at the elbow. 

veins of the Thorax 

The left and right braehioeephalie veins and the azygos veins return blood 

to the superior vena eava. 

veins of the Abdomen and Pelvis 

1. Aseending lumbar veins from the abdomen join the azygos and 
hemiazygos veins. 

2. Veins from the kidneys, adrenal glands, and gonads direetly enter the 
inferior vena eava. 

3. Veins from the stomaeh, intestines, spleen, and panereas eonneet with the 
hepatie portal vein. The hepatie portal vein transports blood to the liver 
for proeessing. Hepatie veins from the liver join the inferior vena eava. 

veins of the Lower Limb 

1. The deep veins are the fibular (peroneal), anterior tibial, posterior tibial, 
popliteal, femoral, and external iliae veins. 

2. The superficial veins are the small and great saphenous veins. 

18.6 Physiology of Circulation <p. 546) 

Blood Pressure 

1. Blood pressure is a measure of the foree exerted by blood against the 
blood vessel wall. Blood moves through vessels because of blood 
pressure. 

2. Blood pressure ean be measured by listening for Korotkoff sounds 
produced by turbulent flow in arteries as pressure is released from a 
blood pressure cuff. 

Blood FlowThrough a Blood Vessel 

1. Blood flow is the amount of blood that moves through a vessel in a 
given period. Blood flow is direetly proportional to pressure differenees 
and is inversely proportional to resistanee. 

2. Resistanee is the sum of all the faetors that inhibit blood flow. Resistanee 
inereases when blood vessels beeome smaller and viseosity inereases. 

3. Viseosity is the resistanee of a liquid to flow. Most of the viseosity of 
blood results from red blood eells. The viseosity of blood inereases 
when the hematoerit inereases or plasma volume deereases. 

Blood FlowThrough the Body 

1. Mean arterial pressure equals eardiae output times peripheral resistanee. 

2. Vasomotor tone is a state of partial eontraetion of blood vessels. 
Vasoeonstrietion inereases vasomotor tone and peripheral resistanee, 
whereas vasodilation deereases vasomotor tone and peripheral resistanee. 

3. Blood pressure averages 100 mm Hg in the aorta and drops to 0 mm 
Hg in the right atrium. The greatest drop occurs in the arterioles and 
eapillaries. 

Pulse Pressure and Vascular eomplianee 

1. Pulse pressure is the differenee between systolie and diastolie pressures. 
Pulse pressure inereases when stroke volume inereases or vascular 
eomplianee deereases. 

2. Vascular eomplianee is a measure of the ehange in volume of blood 
vessels produced by a ehange in pressure. 

3. Pulse pressure waves travel through the vascular system faster than the 
blood flows. Pulse pressure ean be used to take the pulse. 
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Blood Pressure and the Effeet of Gravity 

In a standing person, hydrostatie pressure caused by gravity inereases blood 
pressure below the heart and deereases pressure above the heart. 

eapillary Exchange and Regulation of interstitial 
Fluid Volume 

1. Capillary exchange occurs through or between endothelial eells. 

2. Diffhsion, which includes osmosis, and filtration are the primary means 
of eapillary exchange. 

3. Filtration moves materials out of eapillaries and osmosis moves them 
into eapillaries. 

4. A net movement of fluid occurs from the blood into the tissues. The 
fluid gained by the tissues is removed by the lymphatie system. 

18.7 eontrol of Blood Flow <p. 552) 

Blood flow through tissues is highly eontrolled and matehed elosely to the 
metabolie needs of tissues. 

Loeal eontrol 

1. Loeal eontrol is the response of vascular smooth muscle to ehanges in 
tissue gases, nutrients, and waste products. 

2. If the metabolie aetivity of a tissue inereases, the diameter and number 
of eapillaries in the tissue inerease over time. 

Nervous and Hormonal eontrol 

1. The sympathetie nervous system (vasomotor eenter in the medulla) 
eontrols blood vessel diameter. Other brain areas ean excite or inhibit 
the vasomotor eenter. 

2. Epinephrine and norepinephrine cause vasoeonstrietion in most 
tissues. Epinephrine causes vasodilation in skeletal and eardiae 
muscle. 

3. The muscular arteries and arterioles eontrol the delivery of blood to tissues. 

4. The veins are a reservoir for blood. 

3. Venous return to the heart inereases because of the vasoeonstrietion 
of veins, an inereased blood volume, and the skeletal muscle pump 
(with valves). 

18.8 Regulation of Mean Arterial 

Pressure <p. 554) 

Mean arterial pressure (MAP) is proportional to eardiae output times 
peripheral resistanee. 

Short-Term Regulation of Blood Pressure 

1. Baroreeeptors are sensory reeeptors sensitive to streteh. 

■ Baroreeeptors are loeated in the earotid sinuses and the aortie areh. 

■ The baroreeeptor reflex ehanges peripheral resistanee, heart rate, 
and stroke volume in response to ehanges in blood pressure. 

2. Epinephrine and norepinephrine are released from the adrenal medulla 
as a result of sympathetie stimulation. They inerease heart rate, stroke 
volume, and vasoeonstrietion. 


3. Peripheral ehemoreeeptor reflexes respond to deereased oxygen, leading 
to inereased vasoeonstrietion. 

4. Central ehemoreeeptors respond to high earbon dioxide or low pH 
levels in the medulla, leading to inereased vasoeonstrietion, heart rate, 
and foree of eontraetion (CNS isehemie response). 

Long-Term Regulation of Blood Pressure 

1. Through the renin-angiotensin-aldosterone meehanism, renin 
is released by the kidneys in response to low blood pressure. 

Renin promotes the production of angiotensin II, which causes 
vasoeonstrietion and an inerease in aldosterone seeretion. 

Aldosterone helps maintain blood volume by deereasing urine 
production. 

2. The vasopressin (ADH) meehanism causes ADH release from the 
posterior pituitary in response to a substantial deerease in blood 
pressure. ADH causes vasoeonstrietion and helps maintain blood 
volume by deereasing urine production. 

3. The atrial natriuretic meehanism causes atrial natriuretic hormone 
release from the eardiae muscle eells when atrial blood pressure 
inereases. It stimulates an inerease in urinary production, causing a 
deerease in blood volume and blood pressure. 

4. The fluid shift meehanism causes fluid shift, which is a movement of 
fluid from the interstitial spaees into eapillaries in response to a deerease 
in blood pressure to maintain blood volume. 

18.9 Examples of Cardiovascular 

Regulation (p. sód 

Exercise 

1. Loeal eontrol meehanisms inerease blood flow through exercising 
muscles, which lowers peripheral resistanee. 

2. Cardiac output inereases because of inereased venous return, stroke 
volume, and heart rate. 

3. Vasoeonstrietion in the skin, the kidneys, the gastrointestinal traet, and 
skeletal muscle (nonexercising and exercising) inereases peripheral 
resistanee, which helps prevent a drop in blood pressure. 

4. Blood pressure inereases despite an overall deerease in peripheral 
resistanee because of inereased eardiae output. 

Circulatory Shoek 

1. Baroreeeptor reflexes and the adrenal medullary response inerease blood 
pressure. 

2. The renin-angiotensin-aldosterone meehanism and the vasopressin 
meehanism inerease vasoeonstrietion and blood volume. The fluid shift 
meehanism inereases blood volume. 

3. In severe shoek, the ehemoreeeptor reflexes inerease vasoeonstrietion, 
heart rate, and foree of eontraetion. 

4. In severe shoek, despite negative-feedbaek meehanisms, a positive- 
feedbaek eyele of deereasing blood pressure ean cause death. 
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18.1 Fimetions of the Peripheral 

Circulation (p. 523) 

1. The peripheral circulation 

a. exchanges nutrients, waste products, and gases with tissues. 

b. transports substances to most parts of the body. 
e. helps regulate blood pressure. 

d. direets blood flow to tissues. 

e. all of the above. 

18.2 General Features of Blood vessels (p. 523) 

2. Given these blood vessels: 

1. arteriole 4. muscular artery 

2. eapillary 5. vein 

3. elastie artery 6. venule 

Choose the arrangement that lists the blood vessels in the order a red 
blood eell passes through them as it leaves the heart, travels to a tissue, 
and returns to the heart. 

a. 3,4,2,1,3,6 e. 4,3,1,2,3,6 e. 4,2,3,5,1,6 

b. 3,4,1,2,6,5 d. 4,3,2,1,6,5 

3. Given these structures: 

1. arteriole 

2. preeapillary sphineter 

3. thoroughfare ehannel 

Choose the arrangement that lists the structures in the order a red 
blood eell encounters them as it passes through a tissue. 

a. 1,3,2 e. 2,3,1 e. 3,2,1 

b. 2,1,3 d. 3,1,2 

4. In which of these blood vessels are elastie fibers present in the largest 
amounts? 

a. large arteries e. arterioles e. large veins 

b. medium-sized arteries d. venules 

5. Comparing and eontrasting arteries and veins, the veins have 

a. thieker walls. 

b. a greater amount of smooth muscle than arteries. 
e. a tunica media, but arteries do not. 

d. valves, but arteries do not. 

e. all of the above. 


18.3 Pulmonary Circulation <p. 527) 

6. Given these blood vessels: 

1. aorta 3. pulmonary arteries 

2. inferior vena eava 4. pulmonary veins 

Which vessels earry oxygenated blood? 

a. 1,3 e. 2,3 e. 3,4 

b. 1,4 d. 2,4 

18.4 Systemie Circulation: Arteries (p. 527) 

7. Given these arteries: 

1. basilar 3. internal earotid 

2. eommon earotid 4. vertebral 

Which arteries have direet eonneetions with the eerebral arterial eirele 
(eirele of Willis)? 

a. 1,2 e. 1,3 

b. 2,4 d. 3,4 


8. Given these blood vessels: 

1. axillary artery 4. radial artery 

2. braehial artery 5. subclavian artery 

3. braehioeephalie artery 

Choose the arrangement that lists the vessels in order, from the aorta to 
the right hand. 

a. 2,5,4,1 e. 5,3,1,4,2 e. 4,5,1,2,3 

b. 5,2,1,4 d. 3,5,1,2,4 

9. A braneh of the aorta that supplies the liver, stomaeh, and spleen is the 

a. eeliae trunk. d. superior mesenterie. 

b. eommon iliae. e. renal. 

e. inferior mesenterie. 


10. Given these arteries: 

1. eommon iliae 3. femoral 

2. external iliae 4. popliteal 

Choose the arrangement that lists the arteries in order, from the aorta 
to the knee. 

a. 1,2,3,4 e. 2,1,3,4 e. 3,1,2,4 

b. 1,2,4,3 d. 2,1,4,3 


18.5 Systemie Circulation: veins <p. 536) 

11. Given these veins: 

1. braehioeephalie 3. superior vena eava 

2. internal jugular 4. dural venous sinus 

Choose the arrangement that lists the veins in order, from the brain to 
the heart. 

a. 1,2,4,3 e. 2,4,3,1 e. 4,2,3,1 

b. 2,4,1,3 d. 4,2,1,3 

12. Blood returning from the arm to the subclavian vein could pass 
through which of these veins? 

a. eephalie e. braehial e. all of the above 

b. basilie d. both a and b 

13. Given these blood vessels: 

1. inferior mesenterie vein 

2. superior mesenterie vein 

3. hepatie portal vein 

4. hepatie vein 

Choose the arrangement that lists the vessels in order, from the small 
intestine to the inferior vena eava. 


a. 1,3,4 

e. 

2,3,4 e. 

3 , 1,4 

b. 1,4,3 

d. 

2,4,3 


14. Given these veins: 

1. small saphenous 

3. 

fibular (peroneal) 


2. great saphenous 

4. 

posterior tibial 


Which are superficial veins? 

a. 1,2 

e. 

2,3 e. 

3,4 

b. 1,3 

d. 

2,4 



e. 2,3 
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18.6 Physiology of Circulation <p. 546 ) 

15. When measuring blood pressure using the auscultatory method, 

a. systolie pressure is the pressure at which the braehial artery first 
opens. 

b. systolie pressure is determined when KorotkofiF sounds disappear. 
e. diastolie pressure is the pressure that keeps the braehial artery 

elosed. 

d. diastolie pressure is the pressure when the first KorotkofiF sound is 
heard. 

16. If you could inerease any of these faetors that affeet blood flow by 
twofold, which one would cause the greatest inerease in blood flow? 

a. blood viseosity e. vessel diameter 

b. pressure gradient d. vessel length 

17. Vasomotor tone 

a. keeps the smooth muscles of blood vessels in a state of partial 
eontraetion. 

b. regulates the smooth muscles of the preeapillary sphineters. 

e. is eontrolled by the parasympathetie nervous system. 

d. all of the above. 

18. Resistanee to blood flow is greatest in the 

a. aorta. 

b. arterioles. 

e. eapillaries. 

d. venules. 

e. veins. 

19. Pulse pressure 

a. is the differenee between the systolie and diastolie pressures. 

b. inereases when stroke volume inereases. 

e. inereases as vascular eomplianee deereases. 

d. all of the above. 

20. Which of the following statements is true regarding fluid exchange 
between eapillaries and the interstitial fluids of tissues? 

a. Blood pressure forees fluid out of eapillaries and osmosis moves 
fluid into them. 

b. The movement of fluid due to blood pressure is greater than that of 
osmosis at the venous end of eapillaries. 

e. There is a net movement of fluid into the blood at the arterial end 
of eapillaries. 

d. The amount of fluid leaving eapillaries is the same as the amount of 
fluid entering them. 

e. all of the above. 

18.7 eontrol of Blood Flow <p. 552) 

21. Loeal direet eontrol of blood flow through a tissue 

a. results from vasoeonstrietion and vasodilation of arterioles. 

b. results from relaxation and eontraetion of preeapillary sphineters. 
e. occurs in response to a buildup in earbon dioxide in the tissues. 

d. occurs in response to a deerease in oxygen in the tissues. 

e. all of the above. 

18.8 Regulation of Mean Arterial 

Pressure <p. 554) 

22. An inerease in mean arterial pressure ean result from 

a. an inerease in peripheral resistanee. 

b. an inerease in heart rate. 

e. an inerease in stroke volume. 
d. all of the above. 


23. In response to an inerease in mean arterial pressure, the baroreeeptor 
reflex causes 

a. an inerease in sympathetie nervous system aetivity. 

b. a deerease in peripheral resistanee. 

e. stimulation of the vasomotor eenter. 

d. vasoeonstrietion. 

e. an inerease in eardiae output. 

24. When blood oxygen levels markedly deerease, the ehemoreeeptor reflex 
causes 

a. peripheral resistanee to deerease. 

b. blood pressure to be maintained or inerease. 
e. vasomotor tone to deerease. 

d. vasodilation. 

e. all of the above. 

25. When blood pressure is suddenly deereased a small amount (10 mm 
Hg), which of these meehanisms is aetivated to restore blood pressure 
to normal levels? 

a. ehemoreeeptor reflexes 

b. baroreeeptor reflexes 

e. CNS isehemie response 

d. all of the above 

26. A sudden release of epinephrine from the adrenal medulla 

a. inereases heart rate. 

b. inereases stroke volume. 

e. causes vasodilation in skeletal and eardiae muscle blood vessels. 

d. all of the above. 

27. When blood pressure deereases, 

a. renin seeretion inereases. 

b. angiotensin II formation deereases. 

e. aldosterone seeretion deereases. 

d. all of the above. 

28. In response to a deerease in blood pressure, 

a. ADH seeretion inereases. 

b. the kidneys deerease urine production. 

e. blood volume inereases. 

d. all of the above. 

29. A patient is found to have severe arterioselerosis of his renal arteries, 
which has reduced renal blood pressure. Which of these is eonsistent 
with that eondition? 

a. hypotension 

b. hypertension 

e. deereased vasomotor tone 

d. exaggerated sympathetie stimulation of the heart 

e. both a and e 

18.9 Examples of Cardiovascular 

Regulation <p. sód 

30. During exercise, 

a. arterioles vasoeonstriet and preeapillary sphineters eontraet in 
exercising muscles. 

b. venous return inereases because of the eontraetion of veins. 
e. vasodilation in the skin, kidneys, gastrointestinal traet, and 

nonexercising muscles inereases. 

d. blood pressure is approximately the same as during rest, which 
maintains homeostasis. 

e. peripheral resistanee inereases. 

Answers in Appendix E 



568 


ehapter 18 


eritieal Thinking 


1. For eaeh of the following destinations, name all the arteries that a red 
blood eell would encounter if it started its journey in the left ventriele. 

a. posterior interventricular groove of the heart 

b. anterior neek to the brain (give two ways) 

e. posterior neek to the brain (give two ways) 

d. external skull 

e. tip of the fingers of the left hand (what other blood vessel would be 
encountered if the trip were through the right upper limb?) 

f. anterior eompartment of the leg 

g. liver 

h. small intestine 

i. urinary bladder 

2. For eaeh of the following starting plaees, name all the veins that a red 
blood eell would encounter on its way baek to the right atrium. 

a. anterior interventricular groove of the heart (give two ways) 

b. venous sinus near the brain 
e. external, lateral part of skull 

d. hand (return deep and superficial) 

e. foot (return deep and superficial) 

f. stomaeh 

g. kidney 

h. left inferior wall of the thorax 

3. In a study of heart valve fimetions, it is neeessary to injeet a dye into 
the right atrium of the heart by inserting a eatheter into a blood vessel 
and moving the eatheter into the right atrium. What route would you 
suggest? If you wanted to do this procedure into the left atrium, what 
would you do differently? 


4. In endurance-trained athletes, the hematoerit ean be lower than normal 
because plasma volume inereases more than red blood eell numbers 
inerease. Explain why this eondition would be benefieial. 

3. Observe a large vein on the baek of the hand (seen best on an older 
person with less eonneetive tissue around the veins). What happens 
to the shape of the vein while raising and lowering the hand? 

Explain. 

6. A very short nursing student is asked to measure the blood pressure of a 
very tall person. She deeides to measure the blood pressure at the level 
of the tall person’s foot while he is standing. What artery does she use? 
After taking the blood pressure, she deeides that the tall person is 
suffering from hypertension because the systolie pressure is 210 mm 
Hg. Is her diagnosis eorreet? Why or why not? 

7. Mr. D. was suffering from severe eirrhosis of the liver and hepatitis. He 
developed severe edema over a period of time. Explain how deereased 
liver fimetion ean result in edema. 

8. A patient is suffering from edema in the lower right limb. Explain why 
massage helps remove the excess fluid. 

9. One eool evening, Skinny Dip jumps into a hot Jacuzzi. Prediet what 
will happen to Skinny’s heart rate. 

10. It rarely occurs that a person eongenitally has no sympathetie eontrol 
over his or her cardiovascular system. If such a person exercises, what 
happens to heart rate, stroke volume, peripheral resistanee, and blood 
pressure? 

Answers in Appendix F 
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1. Deseribe the functions of the lymphatie system. 

2. Explain how lymph is formed and transported. 

3. List the major lymphatie vessels in the order lymph flows 
through them. 

4. Deseribe the structure and functions of diffuse lymphatie tissue, 
lymphatie nodules, tonsils, lymph nodes, spleen, and thymus gland. 

19.2 lmmunity 576 



Photograph of a young boy reeeiving an immunization, which will 
enhanee his ability to destroy speeifie pathogens that invade 
his body. 


5. Contrast innate and adaptive immunity. 

lmmune eells 578 

6. Deseribe the eells responsible for immunity. 

Innate lmmunity 580 

7. Explain the role of epithelial barriers, phagoeytosis, eomplement, 
and the inflammatory response in innate imrrmnity. 

Adaptive lmmunity 584 

8. Define antibody-mediated immunity and eell-mediated immunity. 

9. Deseribe the origin, maturation, and aetivation of lymphoeytes. 

10. Deseribe the different types of antibodies and the effeets 
they produce. 

11. Discuss the primary and seeondary immune responses to an 
antigen. 

12. Explain the role of memory B eells and memory T eells in 
long-lasting immunity. 

13. List the effeets produced by cytotoxic T eells. 

14. Explain how innate, antibody-mediated, and eell-mediated 
immunity function together to eliminate an antigen. 

ImiYHinologieal Toleranee 594 

15. Defìne imnrmnologieal toleranee and state how it is produced. 

lmmunotherapy 594 

16. Define and give examples of imrrmnotherapy. 

Acquired lmmunity 598 

17. Explain four ways by which adaptive immunity ean be acquired. 

Effeets of Aging on the Lymphatie System 
and lmmunity 599 

18. Discuss the age-related ehanges that affeet the lymphatie system 
and immunity. 
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introdiietion 

O ne of the basie themes of life is that many organisms 

consume, or use, other organisms to survive. For 
example, deer graze on grasses and wolves feed on 
deer. A parasite lives on or in another organism, ealled the 
host. The host provides the parasite with the eonditions and 
food neeessary for survival. For example, hookworms ean live 
in the sheltered environment of the human intestine, where 
they feed on blood. Humans are host to many kinds of organ- 
isms, including mieroorganisms, such as baeteria, viruses, 
fungi, and protozoans; inseets; and worms. Often, parasites 
harm humans, causing disease and sometimes death. For sim- 
plieity, the term pathogen is used for any parasite or substance 
that causes disease. The lymphatie system and immunity are 
the body s defense systems against threats arising from inside 
and outside the body. 


19.1 Lymphatie System 

The lymphatie (lim-fat'ik) system includes lymph, lymphatie ves- 
sels, lymphatie tissue, lymphatie nodules, lymph nodes, tonsils, the 
spleen, and the thymus (figure 19.1). 


Fimetions of the Lymphatie System 

The lymphatie system is part of the body’s defense system against 
pathogens. In addition, it helps maintain fluid balanee in tissues and 
helps absorb fats from the digestive traet. 

1. Fluid balanee. Approximately 30 L of fluid pass from the blood 
eapillaries into the interstitial spaees eaeh day, whereas only 27 L 
pass from the interstitial spaees baek into the blood eapillaries. If 
the extra 3 L of fluid were to remain in the interstitial spaees, 
edema would result, causing tissue damage and evenmal death. 
Instead, the 3 L of fluid enters the lymphatie eapillaries, where 
the fluid is ealled lymph (limf, elear spring water), and it passes 
through the lymphatie vessels baek to the blood (see ehapter 18). 
In addition to water, lymph eontains solutes derived from two 
sources: (1) Substances in plasma, such as ions, nutrients, 
gases, and some proteins, pass from blood eapillaries into 

the interstitial fluid and beeome part of the lymph and 
(2) substances derived from eells, such as hormones, enzymes, 
and waste products, are also found in the lymph. 

2. Fat absorption. The lymphatie system absorbs fats and other 
substances from the digestive traet (see ehapter 21). Lymphatie 
eapillaries ealled laeteals (lak'tè-álz) are loeated in the lining of 
the small intestine. Fats enter the laeteals and pass through the 
lymphatie vessels to the venous circulation. The lymph passing 
through these lymphatie vessels, ealled ehyle (kll), has a 
milky appearanee because of its fat eontent. 
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Figlire 19.1 Lymphatie System and Lymph Drainage ap!R 

( a ) The major lymphatie organs and vessels are shown. (b) Lymph from the uncolored areas drains through the thoraeie duct. Lymph from the brown areas drains 
through the right lymphatie duct. 
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3. Defense. Pathogens are filtered from lymph by lymph nodes and 
from blood by the spleen. In addition, lymphoeytes and other 
eells are eapable of destroying pathogens. 

1 List the parts of the lymphatie system, and list the three main 
functions of the lymphatie system. 

2 Define lymph. How is it formed? 

3 What isthefunction of laeteals? 

Lymphatíe vessels 

The lymphatie system, unlike the circulatory system, does not 
circulate fluid to and from tissues. Instead, the lymphatie system ear- 
ries fluid in one direetion, from tissues to the circulatory system. 
Fluid moves from blood eapillaries into the interstitial spaees. Most 
of the fluid returns to the blood, but some of the fluid moves from 
the interstitial spaees into lymphatie eapillaries to beeome lymph 
(figure 19.2<f). The lymphatie eapillaries are tiny, elosed-ended ves- 
sels eonsisting of simple squamous epithelium. Lymphatie eapillaries 
differ from blood eapillaries in that they laek a basement membrane 
and the eells of the simple squamous epithelium slightly overlap and 
are attaehed loosely to one another (figure 19.2^). Two things occur 
as a result of this structure. First, the lymphatie eapillaries are far 
more permeable than blood eapillaries, and nothing in the interstitial 
fluid is excluded from the lymphatie eapillaries. Seeond, the lym- 
phatie eapillary epithelium ffmetions as a series of one-way valves 
that allow fluid to enter the eapillary but prevent it from passing baek 
into the interstitial spaees. 

Lymphatie eapillaries are in most tissues of the body. Exceptions 
are the eentral nervous system, bone marrow, and tissues without 
blood vessels, such as the epidermis and eartilage. A superficial group 
of lymphatie eapillaries drains the dermis and subcutaneous tissue, 
and a deep group drains muscle, viseera, and other deep structures. 


The lymphatie eapillaries join to form larger lymphatie vessels, 
which resemble small veins (see figure 19.2^). Small lymphatie ves- 
sels have a beaded appearanee because of one-way valves that are 
similar to the valves of veins. When a lymphatie vessel is eompressed, 
the valves prevent the backward movement of lymph. Consequently, 
eompression of lymphatie vessels causes lymph to move forward 
through them. Three faetors cause eompression of the lymphatie ves- 
sels: (1) the periodie eontraetion of smooth muscle in the lymphatie 
vessel wall, (2) the eontraetion of surrounding skeletal muscle during 
aetivity, and (3) pressure ehanges in the thorax during respiration. 

The lymphatie vessels eonverge and evenmally empty into the 
blood at two loeations in the body. Lymphatie vessels from the right 
upper limb and the right half of the head, neek, and ehest empty into 
the right subclavian vein. These lymphatie vessels often eonverge to 
form a short duct, 1 em in length, ealled the right lymphatie duct, 
which eonneets to the subclavian vein (see figure 19.1). Lymphatie 
vessels from the rest of the body enter the thoraeie duct, which emp- 
ties into the left subclavian vein. The thoraeie duct is the largest 
lymphatie vessel. It is approximately 38—43 em in length, extending 
from the twelfth thoraeie vertebra to the base of the neek. 

4 Deseribethe structure of a lymphatie eapillary. Why is it easy for fluid 
and other substances to enter a lymphatie eapillary? 

5 What is the function of the valves in lymphatie vessels? Name three 
meehanisms responsible for the movement of lymph through the 
lymphatie vessels. 

6 Where does lymph return to the blood? What areas of the body are 
drained by the right lymphatie and thoraeie ducts? 

Lymphatie Tissue and Organs 

The lymphatie organs include the tonsils, lymph nodes, spleen, and 
thymus. Lymphatie organs eontain lymphatie tissue, which eonsists 
primarily of lymphoeytes, but it also includes maerophages, dendritie 
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Figlire 19.2 Lymph Formation and Movement 

( a ) Fluid moves from blood eapillaries into tissues and from tissues into lymphatie eapillaries to form lymph. (ò) The overlap of epithelial eells of the lymphatie eapillary allows 
fluid to enter, but prevents it from moving baek into the tissue. Valves, loeated farther along in lymphatie vessels, also ensure the one-way flow of lymph. 
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eells, reticular eells, and other eell types (see “Immune Cells,” p. 578). 
Lymphoeytes are a type of white blood eell (see ehapter 16). When 
the body is exposed to pathogens, the lymphoeytes divide, inerease in 
number, and are part of the immune response that destroys patho- 
gens. Lymphatie tissue also has very fine eollagen fibers, ealled reticu- 
lar fibers, which are produced by reticular eells. Lymphoeytes and 
other eells attaeh to these fibers. When lymph or blood filters through 
lymphatie organs, the fiber network traps pathogens in the fluid. 

Lymphatie tissue surrounded by a eonneetive tissue capsule is said 
to be encapsulated, whereas lymphatie tissue without a capsule is ealled 
nonencapsulated. Lymphatie organs with a capsule include lymph 
nodes, the spleen, and the thymus. Nonencapsulated lymphatie tissue 
includes diffuse lymphatie tissue, lymphatie nodules, Peyer patehes, 
and the tonsils. Nonencapsulated lymphatie tissue is found in and 
beneath the mucous membranes lining the digestive, respiratory, uri- 
nary, and reproductive traets. In these loeations, the lymphatie tissue is 
well loeated to intereept pathogens as they enter the body. 

Diffuse LymphaticTissue and Lymphatie Nodules 

Difíiise lymphatie tissue has no elear boundary, blends with sur- 
rounding tissues, and eontains dispersed lymphoeytes, maerophages, 
dendritie eells, and other eells (figure 19.3). It is loeated deep to 
mucous membranes, around lymphatie nodules, and within the 
lymph nodes and spleen. 

Lymphatie noehiles are denser arrangements of lymphatie tissue 
organized into eompaet, somewhat spherieal structures, ranging in 
size from a few hundred mierons to a few millimeters or more in 
diameter (see figure 19.3). Lymphatie nodules are numerous in the 
loose eonneetive tissue of the digestive, respiratory, urinary, and repro- 
ductive systems. Peyer patehes are aggregations of lymphatie nodules 
found in the distal half of the small intestine and the appendix. 
Lymphatie nodules are also found within lymph nodes and the spleen. 

Tonsils 

Tonsils are large groups of lymphatie nodules and diffuse lymphatie 
tissue loeated deep to the mucous membranes within the pharynx 
(throat). The tonsils provide proteetion against baeteria and other poten- 
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Figlire 19.3 Diffuse Lymphatie Tissue and a Lymphatie 

Nodule 

Diffuse lymphatie tissue surrounding a lymphatie nodule in the small intestine. 


tially harmfbl material entering the pharynx from the nasal or oral eavi- 
ties. In adults, the tonsils deerease in size and eventually may disappear. 

There are three groups of tonsils (figure 19.4). The palatine (pal'à- 
tln, palate) tonsils are loeated on eaeh side of the posterior opening of 
the oral eavity. They usually are referred to as “the tonsils.” The pharyn- 
geal (fà-rin'jè-àl) tonsil is loeated near the internal opening of the nasal 
eavity. When the pharyngeal tonsil is enlarged, it is eommonly referred 
to as the adenoid (ad'è-noid, glandlike) or adenoids. An enlarged 
pharyngeal tonsil ean interfere with normal breathing. The lingual 
(ling'gwàl, tongue) tonsil is on the posterior surface of the tongue. 

Tonsilleetomy and Adenoideetomy 

Enlarged tonsils make swallowing diffìcult, and infeeted tonsils 
stimulate inflammation that causes a sore throat. An enlarged ade- 
noid restriets air flow, causing snoring and sleeping with the mouth 
open. In addition, an enlarged and/or infeeted adenoid is assoeiated 
with ehronie middle ear infeetions because the openings to the audi- 
tory tubes are loeated next to the adenoid. Chronic middle ear infee- 
tions are assoeiated with loss of hearing, which in turn affeets speeeh 
development. A tonsilleetomy (ton'si-lek'tó-mè) is the removal of 
the palatine tonsils, and an adenoideetomy (ad'é-noy-dek'tó-mè) is 
the removal of the adenoid. Both procedures performed at the same 
time is ealled a T&A. 


7 What are the functions of lymphoeytes and reticular fibers in 
lymphatictissue? 

8 Define diffuse lymphatie tissue, lymphatie nodule, and Peyer patehes. 

9 Deseribe the structure, function, and loeation of the three groups 
of tonsils. 


Lymph Nodes 

Lymph nodes are small, round, or bean-shaped structures, ranging in 
size from 1—25 mm long. They are distributed along the course of the 
lymphatie vessels (see figure 19.1). They filter the lymph, removing 
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Figure 19.4 Tonsils _ap r 

Anterior view of the oral eavity, showing the tonsils. Part of the palate is 
removed ( dottedline ) to show the pharyngeal tonsil. 
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It is not surprising that many infee- 
tious diseases produce symptoms assoei- 
ated with the lymphatie system, because 
the lymphatie system is involved with the 
production of lymphoeytes that fight infee- 
tious diseases, as well as filtering blood and 
lymph to remove pathogens. Lymphadenitis 
(lim-fad'é-ní'tis) is an infìammation of the 
lymph nodes, causing them to beeome 
enlarged and tender. It is an indieation that 
pathogens are being trapped and destroyed 
within the lymph nodes. Lymphangitis (lim- 
fan-jí'tis) is an inflammation of the lym- 
phatie vessels. This often results in visible 
red streaks in the skin that extend away 
from the site of infeetion. If pathogens pass 
through the lymphatie vessels and lymph 
nodes to reaeh the blood, septieemia (sep-ti- 
sé'mé-à), or blood poisoning, ean result. 

A lymphoma (lim-fó'mà) is a neoplasm 
(tumor) of lymphatie tissue that is almost 
always malignant. Lymphomas are usually 
divided into two groups: Hodgkin disease 



Disorders of the Lymphatie System 



and all other lymphomas, which are ealled 
non-Hodgkin lymphomas.The different types 
of lymphomas are diagnosed based on their 
histologieal appearanee and eell of origin. 

Typieally, a lymphoma begins as an 
enlarged, painless mass of lymph nodes. 
Enlargement of the lymph nodes ean eom- 
press surrounding structures and produce 
eomplieations. Immunity is depressed, and 
the patient has an inereased susceptibility 
to infeetions. Fortunately, treatment with 
drugs and radiation is effeetive for many 
people who suffer from lymphomas. 

Bubonic plague and elephantiasis are 
diseases of the lymphatie system. Biibonie 
(bu-bon'ik) plague is caused by baeteria 
that are transferred to humans from rats by 
the bite of the rat flea. The baeteria loealize 
in the lymph nodes, causing them to 
enlarge. The term bubonic is derived from a 
Greek word referring to the groin, because 
the disease often causes the inguinal lymph 
nodes of the groin to swell. Without treat- 


ment, septieemia followed rapidly by death 
occurs in 70%-90% of those infeeted. In the 
sixth, fourteenth, and nineteenth centuries, 
the bubonic plague killed large numbers of 
people in Europe. Fortunately, there are rela- 
tively few eases today. 

Elephantiasis (el-é-fan-tì'à-sis) is caused 
by long, slender roundworms. The adult 
worms lodge in the lymphatie vessels and 
ean bloek lymph flow. Consequently, 
edema develops and a limb ean beeome 
permanently swollen and enlarged. The 
resemblanee of an affeeted limb to that of 
an elephant's leg is the basis for the name 
of the disease. The offspring of the adult 
worms pass through the lymphatie system 
into the blood. They ean be transferred 
from an infeeted person to other humans 
by mosquitoes. 
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Figure 19.5 Lymph Node 

Arrovvs indieate the direetion of lymph flow. As lymph moves through the sinuses, phagoeytie eells remove foreign substances.The germinal eenters are sites of 
lymphoeyte production. 


baeteria and other materials. In addition, lymphoeytes eongregate, 
hmetion, and proliferate within lymph nodes. 

Approximately 450 lymph nodes are found throughout the body. 
Superficial lymph nodes are in the subcutaneous tissue, and deep 
lymph nodes are everywhere else. There are three superficial groups 


of lymph nodes on eaeh side of the body: inguinal nodes in the groin, 
axillary nodes in the axilla (armpit), and eervieal nodes in the neek. 

A dense eonneetive tissue capsule surrounds eaeh lymph node 
(figure 19.5). Extensions of the capsule, ealled trabeculae (trà- 
bek'u-lé), subdivide lymph nodes into eompartments eontaining 
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diffiise lymphatie tissue, lymphatie nodules, and lymphatie sinuses. 
Lymphatie sinuses are spaees between lymphatie tissue eontaining 
maerophages and dendritie eells within a network of reticular íibers. 
The outer cortex eonsists of lymphatie nodules separated by dif- 
fuse lymphatie tissue and lymphatie sinuses. The inner medulla is 
organized into branehing, irregular strands of diffhse lymphatie 
tissue separated by lymphatie sinuses. 

Lymph nodes are the only structures to filter lymph. They have 
afFerent lymphatie vessels, which earry lymph to the lymph nodes, 
where it is filtered, and efFerent lymphatie vessels, which earry 
lymph away from the nodes (see figure 19.5). As lymph moves 
through the lymph nodes, maerophages remove the pathogens from 
the lymph and lymphoeytes respond to the pathogens by dividing 
and difFerentiating into eells that ean kill pathogens (see “Adaptive 
Immunity,” p. 584). The lymph nodules eontaining the rapidly 
dividing lymphoeytes are ealled germinal eenters. The newly pro- 
duced lymphoeytes are released into the lymph and eventually reaeh 
the blood, where they circulate and enter infeeted tissues and other 
lymphatie tissues. 

10 VVhere are lymph nodes found? Deseribe the parts of a lymph node, 
and explain how lymph flows through a lymph node. 

11 VVhat are the functions of lymph nodes? VVhat is a germinal 
eenter? 


CASE STUDY Lymphedema 

Cindy, a 40-year-old woman, had been diagnosed with breast ean- 
eer. Before removing the cancerous tumor from her left breast, her 
surgeon injeeted a dye and a radioaetive traeer, ealled technetium-99, 
at the tumor site. The dye and traeer enabled the surgeon to fìnd 
sentinel lymph nodes, which are the lymph nodes elosest to the 
tumor. The sentinel lymph nodes were sampled for eaneer. VVhen 
eaneer eells were found in all of them, the surgeon removed the axil- 
lary lymph nodes from under Cindy's left arm. 

A few days after the surgery, Cindy notieed that the skin on her 
left arm felt tight and the arm felt heavy. In addition, her wedding 
ring was tighter than usual. Gndy had an abnormal accumulation of 
fluid in her upper limb, ealled lymphedema (limfie-dé'mà), caused 
by the removal of her axillary lymph nodes. In the llnited States, the 
most eommon cause of lymphedema is the removal or damage of 
lymph nodes and vessels by eaneer surgery or radiation treatment. 
Approximately 10%-20% of women who have their axillary lymph 
nodes removed develop lymphedema. 


Prediet 



a. What is the rationale for testing sentinel lymph nodes for 
eaneer? 

b. What was the rationale for removing Cindy's axillary lymph 
nodes? 

e. Why does removing the axillary lymph nodes result in 
lymphedema? 

d. Exercise ean help reduce lymphedema. Explain. 


e. A eompression bandage or garment ean help reduce lymphedema. 
Explain. 

In intermittent pneumatic pump eompression therapy, the pressure 
of a garment enelosing a limb inereases and deereases periodieally. In 
addition, the pressure inereases sequentially from the distal part to 
the proximal part of a limb. How does this therapy help reduce 
lymphedema? 


Spleen 

The spleen (splèn) is roughly the size of a elenehed fist, and it is 
loeated in the left, superior eorner of the abdominal eavity (figure 19.6a). 
The spleen has an outer capsule of dense eonneetive tissue and a 
small amount of smooth muscle. Trabeculae from the capsule 
divide the spleen into small, intereonneeted eompartments eontain- 
ing two speeialized types of tissue ealled white pulp and red pulp. 
Approximately one-fourth of the volume of the spleen is white pulp 
and three-fourths is red pulp. 

Branehes of the splenie (splen'ik) artery enter the spleen, and 
their branehes follow the various trabeculae into the spleen to supply 
white pulp within the eompartments. Blood flows from white pulp 
into red pulp. Veins from the red pulp eonverge, forming the splenie 
vein, which exits the spleen. 

White pulp is diffuse lymphatie tissue and lymphatie nodules 
surrounding the arteries within the spleen. Red pulp is assoeiated 
with the veins (figure \9.6b). It eonsists of the splenie eords and 
the venous sinuses. The splenie eords are a network of reticular 
eells that produce reticular fibers. The spaees between the reticular 
eells are occupied by maerophages and blood eells that have eome 
from the eapillaries. The venous sinuses are enlarged eapillaries 
between the splenie eords. They are unusual in that they have 
large, intercellular slits in their walls (figure 19.6c). 

Most white pulp eapillaries and red pulp venous sinuses are 
separated by a small gap, although a few are direetly eonneeted to 
eaeh other. Most blood entering the spleen flows quickly through 
it by passing aeross the gap between white and red pulp eapillar- 
ies. Some blood, however, enters the gap and then flows into the 
fibrous network of the splenie eords. This blood slowly pereolates 
through the fibrous network, eventually passing through intereel- 
lular slits in the walls of the venous sinuses to enter the blood 
(see figure 19.6c). 

The spleen destroys defeetive red blood eells and deteets and 
responds to foreign substances in the blood. As red blood eells age, 
they lose their ability to bend and fold. Consequently, the eells ean 
rupture as they pass slowly through the fibrous network of the splenie 
eords or the intercellular slits of the venous sinuses. Splenie maero- 
phages then phagoeytize the cellular debris. Foreign substances in the 
blood passing through the spleen ean stimulate an immune response 
because of the presenee in the white pulp of lymphoeytes (see 
“Adaptive Immunity,” p. 584). 

The spleen also fimetions as a blood reservoir, holding a small 
volume of blood. For example, during exercise splenie volume ean be 
reduced by 40%—50%. The resulting small inerease in circulating red 
blood eells ean promote better oxygen delivery to muscles during 
exercise or emergeney situations. 
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1. Branehes from the splenie artery are surrounded 
by diffuse lymphatie tissue. 

2. An arteriole enters a lymphatie nodule and 
divides. 


3. A few eapillaries direetly eonneet to a venous 


sinus. 


4. The ends of most eapillaries are separated from 
the beginning of the venous sinuses by a small 
gap. Blood rapidly erosses the gap. 

5. Some eapillaries empty into the splenie eords. 
Blood pereolates through the splenie eords and 
passes through the walls of the venous sinuses. 


6. The venous sinuses eonneet to a braneh of the 
splenie vein. 
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Proeess Figure 19.6 spieen ap r 

(a) Inferior view of the spleen. (b) Seetion of the spleen showing the arrangement of arteries, veins, white pulp, and red pulp. White pulp is assoeiated with arteries, and 
red pulp is assoeiated with veins. (e) Steps 1-6 traee blood flow through the white and red pulp. 



Ruptured Spleen 

Although the spleen is proteeted by the ribs, it is often ruptured 
in traumatic abdominal injuries. A ruptured spleen ean cause severe 
bleeding, shoek, and death. Surgical intervention may stop the 
bleeding. Cracks in the spleen are repaired using sutures and blood- 
elotting agents. Mesh wrapped around the spleen ean hold it 
together. A spleneetomy (splé-nek'tó-mé), removal of the spleen, 
may be neeessary if these techniques do not stop the bleeding. 
Other lymphatie organs and the liver eompensate for the loss of the 
spleen's functions. 


12 Where is the spleen loeated? Deseribe white and red pulp. 

13 Where does blood enter and exit the red pulp? 

14 What are three functions of the spleen? 


Thyrrms 

The thymus (thl'míis, sweetbread) is a bilobed gland (figure 19.7) 
loeated in the superior mediastinum, the partition dividing the tho- 
raeie eavity into left and right parts. Eaeh lobe of the thymus is sur- 
rounded by a thin eonneetive tissue capsule. Trabeculae extend 
from the capsule into the substance of the gland, dividing it into 
lobules. Unlike other lymphatie tissue, which has a fibrous network 
of reticular fibers, the framework of thymie tissue eonsists of epithe- 
lial eells. The proeesses of the epithelial eells are joined by desmo- 
somes, and the eells form small, irregularly shaped eompartments 
filled with lymphoeytes. Near the capsule and trabeculae, the lym- 
phoeytes are numerous and form dark-staining areas of the lobules 
ealled the cortex. A lighter-staining, eentral portion of the lobules, 
ealled the medulla, has fewer lymphoeytes. The medulla also eon- 
tains rounded epithelial structures, ealled thymie corpuscles (Hassall 
corpuscles), which may be remnants of degenerating eells. 

The thymus is the site of the maturation of T eells. Large 
numbers of lymphoeytes are produced in the thymus, but most 
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Figure 19.7 Thymus 

(< o ) Loeation and shape of the thymus in relation to the heart. (ò) Histology of thymie lobules, showing the outer cortex and the inner medulla. 


degenerate. The surviving T eells enter the blood and travel to 
other lymphatie tissues where they aet against pathogens (see 
“Origin and Maturation of Lymphoeytes,” p. 584). 

The thymus inereases in size until the first year of life, remains 
approximately the same size until 60 years of age, and then deereases 
in size. Although the size of the thymus is fairly eonstant throughout 
much of life, functional thymie tissue is gradually replaeed with adi- 
pose tissue. By age 50 the ability to produce new, mature T eells is 
reduced to 20%, and by age 70 it is mostly gone. 

15 Where is the thymus loeated? Deseribe its structure and function. 

Overview of the Lymphat e System 

Figure 19.8 summarizes the parts of the lymphatie system and their 
fimetions. Lymphatie eapillaries and vessels remove fluid from tissues 
and absorb fats from the small intestines. Lymph nodes filter lymph, 
and the spleen filters blood. 

Figure 19.8 also illustrates two types of lymphoeytes, B eells and 
T eells. Pre-B eells originate and mature in red bone marrow to 
beeome B eells. Pre-T eells are produced in red bone marrow and 
migrate to the thymus, where they mature to beeome T eells. B eells 
from red bone marrow and T eells from the thymus circulate to, and 
populate, other lymphatie tissues. 

B eells and T eells are responsible for much of immunity. In 
response to infeetions, B eells and T eells inerease in number and eir- 
culate to lymphatie and infeeted tissues. Fiow B eells and T eells pro- 
teet the body is discussed in the seetion “Adaptive Immunity,” p. 584. 

19.2 lmmunity 

Immunity is the ability to resist damage from pathogens and internal 
threats, such as eaneer eells. Immunity fiinetions to prevent the entry 
of pathogens into the body and to eliminate them if they do. 
Immunity is eategorized as innate immunity and adaptive immu- 
nity, although the two systems are fully integrated in the body. 


The first requirement for immunity is the ability to reeognize 
pathogens. Innate immunity has a general, more limited ability to 
reeognize pathogens eompared to adaptive immunity. For example, 
innate immunity reeognizes general types of mieroorganisms, such as 
baeteria versus viruses, whereas adaptive immunity ean distinguish 
among speeifie types of pathogens, such as different strains of the 
influenza virus. 

Innate and adaptive immunity respond to pathogens in different 
ways. The innate immune response is rapid (within hours to days), 
but fixed. For example, eaeh time a baeterial eell is introduced into 
the body it is reeognized and phagoeytized with the same speed and 
effieieney. The ability of innate immunity to respond to a pathogen 
ean be so effieient that we never develop any signs or symptoms of 
disease, and we are said to be immune. 

The adaptive immune response is slow (days to weeks) on first 
exposure to pathogens, but improves with subsequent exposure. 
Following the first exposure to a particular pathogen, adaptive 
immunity ean take many days to destroy it. During this time, the 
pathogen damages tissues and produces the signs and symptoms of 
disease. We are siek. During this time, however, we develop immu- 
nologieal memory, which is the ability of adaptive immunity to 
“remember” previous encounters with a particular pathogen. Upon 
a seeond exposure to the same pathogen, the adaptive response 
“remembers” the pathogen and responds rapidly and effeetively. 
Consequently, we do not show any signs or symptoms of disease, and 
we are said to have developed immunity. 

Innate and adaptive immunity are intimately linked. Innate 
immunity provides a general, first line of defense against pathogens 
and initiates and helps regulate the adaptive immune response. 
Adaptive immunity is a focused, powerful seeond line of defense 
that uses many of the eomponents of innate immunity to destroy 
pathogens. 

16 Define immunity, pathogen, and immunologicalmemory. 

17 What are the differenees between innate and adaptive immunity? 

How are they linked? 
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1. Lymphatie eapillaries remove fluid from tissues. The 
fluid beeomes lymph (see figure 19.2a). 

2. Lymph flows through lymphatie vessels, which have 
valves that prevent the backflow of lymph (see figure 
19.2Ò). 

3. Lymph nodes filter lymph (see figure 19.5) and are 
sites where lymphoeytes respond to infeetions, ete. 

4. Lymph enters the thoraeie duct or the right lymphatie 
duct. 

5. Lymph enters the blood. 

6. Laeteals in the small intestine absorb fats, which enter 
the thoraeie duct. 

7. Chyle, which is lymph eontaining fats, enters the 
blood. 


8. The spleen (see figure 19.6) filters blood and is a site 
where lymphoeytes respond to infeetions, ete. 


9. Lymphoeytes (pre-B and pre-T eells) originate from 
stem eells in the red bone marrow (see figure 19.11). 
The pre-B eells beeome mature B eells in the red bone 
marrow and are released into the blood. The pre- 
T eells enter the blood and migrate to the thymus. 


10. The thymus (see figure 19.7) is where pre-T eells 
derived from red bone marrow inerease in number and 
beeome mature T eells that are released into the blood 
(see figure 19.11). 


11. B and T eells from the blood enter and populate all 
lymphatie tissues. These lymphoeytes ean remain in 
tissues or pass through them and return to the blood. 
B and T eells ean also respond to infeetions, ete., by 
dividing and inereasing in number. Some of the newly 
formed eells enter the blood and circulate to other 
tissues. 


Arterial circulation 


Venous circulation 



Blood eapillaries 


Proeess Figure 19.8 overview of the Lymphatie System ÌH R 
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19.3 immiine eells 

Immune eells communicate with eaeh other and with other eell types by 
seereting eytokines (si ' tò-klnz), which are proteins or peptides that bind 
to reeeptors on neighboring eells, stimulating a response (table 19.1). 
Sometimes eytokines bind to reeeptors on the seereting eell, resulting in 
self-stimulation. Functions of eytokines include attraeting other immune 
eells to sites of infeetion, promoting phagoeytosis and inflammation, 
stimulating the proliferation and differentiation of eells, and regulating 
the intensity and duration of innate and adaptive immune responses. 

Cytokines are sometimes named aeeording to the eells produc- 
ing them or their flmetions. Interleukins are produced by leukocytes 
(white blood eells) and lymphokines by lymphoeytes. Chemokines 
promote chemotaxis, the movement of eells toward ehemieals, 
interferons interfere with viral replieation, and inflammatory eyto- 
kines promote inflammation. 

Immune eells include white blood eells (i.e., neutrophils, basophils, 
eosinophils, monoeytes, and lymphoeytes), maerophages, dendritie eells, 
and mast eells. Some of these eells play a starring role in innate immu- 
nity, whereas others are more important in adaptive immunity. 

18 What are eytokines and what do they do? 

Adaptive lmmunity eells 

Antigens 

Antigens (an'ti-jenz) are substances that bind to reeeptors on adap- 
tive immune eells and stimulate an adaptive immune response. They 
are divided into two groups: foreign antigens and self-antigens. 


Foreign antigens are not produced by the body but are introduced 
from outside it. Components of baeteria, virnses, and other mieroor- 
ganisms are examples of foreign antigens that cause disease. Pollen, 
animal dander (sealy, dried skin), feees of house dust mites, foods, 
and drugs are also foreign antigens and ean trigger an overreaetion of 
adaptive immunity in some people, ealled an allergie reaetion. 
Transplanted tissues and organs that eontain foreign antigens result 
in the rejeetion of the transplant. 

Self-antigens are molecules produced by the body that stimu- 
late an adaptive immunity response. The response to self-antigens 
ean be benefieial or harmful. For example, a benefieial effeet is the 
reeognition of tumor antigens and the destmetion of the tumor. A 
harmful effeet is autoimmune disease, such as rhemnatoid arthritis, 
in which self-antigens stimulate unwanted tissue destruction. 

19 Define ontigen. Distinguish between a foreign antigen and a 
self-antigen. 

20 What are allergie reaetions and autoimmune diseases? 

B eells and T eells 

B eells and T eells are the primary adaptive immunity eells (table 19.2). 
They are lymphoeytes with reeeptors that bind to antigens. The 
reeeptors for antigens are produced by a unique genetie meehanism. 
Groups of genes on separated segments of DNA eneode for the parts 
of reeeptors that bind to antigens. Genes from eaeh group are ran- 
domly eombined to produce a larger, flanetional gene. Furthermore, 
the “cut and paste” enzymes that rearrange the genes are impreeise, 
and additional nucleotides are added to the joints between genes. 
The result is the ability to form trillions of different flanetional 


Table 19.1 


important eytokines and Their Functions 


Cytokine* 

Deseription 

Type 1 interferons 

Prevent viral replieation, inerease NK eell killing, inerease expression of MHC elass 1 molecules on virus-infected eells, 
and stimulate the development of helperT eells; there are several interferon alpha (IFN-a) proteins produced mainly 
by maerophages and a single interferon beta (IFN-p) produced by many eells, including fibroblasts 

Type II interferon 

Aetivates maerophages and stimulates adaptive immunity by inereasing the expression of MHC elass 1 and II molecules; 
seereted by helperT eells, cytotoxicT eells, and NK eells; also ealled interferon gamma (IFN- 7 ) 

lnterleukin-1 (IL-1) 

Promotes inflammation and fever; seereted by maerophages and endothelial eells 

lnterleukin-2 (IL-2) 

Stimulates proliferation and differentiation ofT eells; seereted byT eells 

lnterleukin-4 (IL-4) 

Plays a role in allergie reaetions by inducing inereased production of immunoglobulin E (IgE) by B eells; 
seereted by some helperT eells 

lnterleukin-5 (IL-5) 

Helps kill parasites by stimulating eosinophil production; seereted by some helperT eells and aetivated mast eells 

lnterleukin -8 (IL- 8 ) 

Chemotactic faetor that promotes inflammation by attraeting neutrophils and basophils; seereted by maerophages 

lnterleukin-10 (IL-10) 

Regulates innate and eell-mediated immunity by inhibiting aetivated maerophages; seereted by aetivated maerophages 
and some helperT eells 

lnterleukin-12 (IL-12) 

Aetivates NKeells, stimulates IFN -7 production by NK eells, inereases the eell-killing abilities of NKand cytotoxicT eells, 
and promotes the development of some helperT eells; seereted by maerophages and dendritie eells 

lnterleukin-15 (IL-15) 

Stimulates NK eell proliferation; seereted by maerophages and other eells in response to viral infeetions 

Tumor neerosis 
faetor a (TNF-a) 

Reemits neutrophils and monoeytes to sites of infeetion and aetivates them; promotes fever (pyrogen), and in large 
quantities contributes to septie shoek; seereted by maerophages 


* 


Some eytokines were named aeeording to the laboratory test first used to identify them; however, these names rarely are a good deseription of the actual function of the eytokine. 
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reeeptor genes and from them, different reeeptors. This variability in 
reeeptors potentially enables adaptive immunity to respond to almost 
any antigen. 

When antigens bind to B-eell reeeptors, the B eells divide and dif- 
ferentiate to form plasma eells, which produce and seerete antibodies. 
Antibodies are proteins that bind to the antigens that stimulated their 
production. They are found in fluids outside of eells, such as blood, 
interstitial fluid, and lymph. When antibodies bind to antigens, it sets 
into motion immune responses that result in the elimination of the 
antigen. In a similar fashion, antigens binding to T-eell reeeptors aeti- 
vate the T eells, resulting in the formation of cytotoxic T eells, which 
kill other eells, and helper T eells, which seerete eytokines that regulate 
the aetivities of B eells, cytotoxic T eells, and other immune eells. 

21 Name the eells responsible for adaptive immunity. 

22 Explain how a praetieally unlimited number of antigen reeeptors are 
formed. What are antibodies? 

23 State the function of plasma eells, cytotoxicT eells, and helperT eells. 

Innate immunity eells 

Pathogen-Assoeiated Molecular Patterns 

Pathogen-assoeiated molecular patterns (PAMPs) are molecules 
eommon to groups of pathogens, but are not found in human eells. 
Examples of PAMPs include parts of baeterial eell walls, such as eer- 
tain lipopolysaeeharides (Gram-negative baeteria), teiehoie aeid 
(Gram-positive baeteria), and peptidoglyean (baeteria); fìagellin in 
baeterial flagella; various viral RNA molecules; and eertain baeterial 
and viral DNA. Innate immunity eells reeognize PAMPs through a 
variety of innate immunity reeeptors loeated in their plasma mem- 
branes, endoeytie vesieles, and eytosol. Toll-like reeeptors (TLRs) 
are the most important family of innate immunity reeeptors. The 
eombination of PAMPs with innate immunity reeeptors stimulates 
responses from innate immunity eells, such as the phagoeytosis of 
baeteria, inflammation, and the killing of virus-infected eells. 


Innate immunity eells include white blood eells, maerophages, 
dendritie eells, and mast eells (see table 19.2). 

24 What are pathogen-assoeiated molecular patterns and how are they 
related to innate immunity reeeptors? 

Neutrophils, Monoeytes, and Maerophages 

Neutrophils are small, motile, phagoeytie white blood eells. They 
eontain a battery of destmetive ehemieals stored in an inaetive form as 
granules. When a pathogen is ingested, the ehemieals are aetivated and 
kill the pathogen. Neutrophils are espeeially effeetive at ingesting and 
killing baeteria. Neutrophils are usually the first eells to leave the blood 
and enter infeeted tissues in large numbers. Neutrophils are unable to 
replenish their granules and are programmed to die by apoptosis (see 
ehapter 4) after phagoeytosis. Pus is an accumulation of dead neutro- 
phils, dead mieroorganisms, debris from dead tissue, and fluid. 

Monoeytes are white blood eells that leave the blood, enter tissues, 
and enlarge to beeome maerophages. Maerophages are large, motile, 
phagoeytie eells that outlive neutrophils, and they ean ingest more and 
larger items than neutrophils ean. Maerophages leave the blood and 
accumulate in infeeted tissues after neutrophils. They are responsible for 
most of the phagoeytie aetivity in the late stages of an infeetion, includ- 
ing the cleanup of dead neutrophils and other cellular debris. 

Maerophages are also permanent residents beneath the free 
surfaces of the body, such as the skin (dermis), subcutaneous tissue, 
mucous membranes, and serous membranes, and around blood and 
lymphatie vessels. In these loeations, maerophages “lie in ambush,” 
providing proteetion by trapping and destroying pathogens enter- 
ing the tissues. If pathogens do gain entry to the blood, maero- 
phages are waiting within the blood vessels of the spleen, bone 
marrow, and liver to phagoeytize them. Pathogens that enter lymph 
are phagoeytized as the lymph filters through lymph nodes. 
Sometimes maerophages are given speeifie names—for instanee, 
alveolar maerophages in the lungs, hepatie phagoeytie (Kupffer) 
eells in the liver, and mieroglia in the eentral nervous system. 


Table 19.2 


lmmune eells and Their Primary Functions 


Cell 


Primary Fiinetion 


Cell 


Primary Function 


Innate lmmunity 

Neutrophil 

Monoeyte 


Maerophage 


Dendritie eell 


Natural killer eell 
Mast eell 


Basophil 


Phagoeytosis and inflammation 

Leaves the blood and enters tissues to beeome a 
maerophage 

Phagoeytosis and inflammation; loeated 
throughout the body to"intercept"foreign 
substances; proeesses antigens and is 
involved in the aetivation of B eells and T eells 

Deteets pathogens and reemits other immune 
eells to sites of infeetion; proeesses antigen 
and is involved in the aetivation of B eells and 
T eells 

Kills virus-infected eells and tumor eells 

Deteets pathogens and recruits other immune 
eells to sites of infeetion; releases ehemieals 
that promote inflammation 

Releases ehemieals that promote inflammation 


Eosinophil 

Adaptive lmmunity 

Releases ehemieals that promote 
inflammation and kills worm parasites 

B eell 

Divides and differentiates to beeome 
plasma eells or memory B eells 

Plasma eell 

Produces antibodies that are direetly or 
indireetly responsible for 
destroying antigens 

Memory B eell 

Provides a quick and effeetive response to 
an antigen against which adaptive 
immunity has previously reaeted 

CytotoxicT eell 

Responsible for destroying eells by 
apoptosis or producing eytokines 

HelperT eell 

Regulates B eells and cytotoxicT eells 

MemoryT eell 

Provides a quick and effeetive response 
to an antigen against which adaptive 
immunity has previously reaeted 
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Neutrophils and maerophages perform other functions besides 
phagoeytosis. They seerete eytokines that reernit and aetivate other 
white blood eells and promote inflammation. When strongly stimu- 
lated, they release lysosomal enzymes and highly reaetive oxidizing 
agents that kill pathogens, but also damage nearby healthy host eells. 
Maerophages also help initiate adaptive immunity by breaking down 
ingested materials into smaller pieees, producing antigens that are 
presented to lymphoeytes. 

25 Deseribe neutrophils, monoeytes, and maerophages and summarize 
their functions. 

Dendritie eells 

Dendritie (den-drit'ik) eells are large, motile eells with long, eyto- 
plasmie extensions. They are seattered throughout tissues with their 
highest eoneentrations in lymphatie tissues and the skin. Dendritie 
eells in the skin are often ealled Langerhans eells. Dendritie eells 
have almost all of the innate immunity reeeptors and are extremely 
sensitive to the presenee of pathogens. As part of innate immunity, 
dendritie eells produce eytokines that attraet other immune eells to 
sites of infeetion and interferons that prevent viral infeetions. 
Dendritie eells are espeeially important for the aetivation of adap- 
tive immunity. Stimulation of innate immunity reeeptors promotes 
inereased phagoeytosis by dendritie eells. The primary function of 
dendritie phagoeytosis is not destmetion of the ingested materials. 
Instead, ingested materials are broken down into smaller pieees, 
producing antigens that are presented to lymphoeytes. 

26 Deseribe the function of dendritie eells. 

Natural Killer (NK) eells 

Natural killer (NK) eells are white blood eells, eomprising 5%—20% 
of lymphoeytes. NK eells reeognize and kill elasses of host eells, such 
as virus-infected eells or tumor eells. For this reason and because NK 
eells do not exhibit a memory response, they are elassified as part of 
innate immunity. NK eells release ehemieals that induce host eell 
apoptosis and promote maerophage phagoeytosis. NK eells provide 
an early defense against intracellular pathogens by killing host eells 
and eliminating reservoirs of infeetion. 

27 Deseribe the function of NK eells. 

Mast eells, Basophils, and Eosinophils 

Mast eells, basophils, and eosinophils are eells with granules that 
eontain stored inflammatory mediators. They ean be elassified as 
innate immunity eells because they have innate immunity reeeptors 
and partieipate in innate immunity. Antibodies, however, mediate a 
massive release of their granules. Antibodies attaeh to these eells, and 
when antigens bind to the antibodies, the eells release their granules. 
In this way, a powerful ehemieal effeet is direeted in a loealized way 
toward the antigen. Furthermore, onee antibodies have attaehed to 
these eells, they fianetion as antigen-speeifie reeeptors. After the anti- 
gens have been eleared from the body, antibodies remain attaehed to 
mast eells, basophils, and eosinophils. Upon subsequent exposure to 


the antigen, these antibodies stimulate a response. In this way, these 
eells “remember” the antigen. Thus, adaptive immunity works 
through innate immunity eells. 

Mast eells are nonmotile eells in eonneetive tissue, espeeially 
near eapillaries. They defend and maintain the tissues where they 
live. Like maerophages, mast eells are loeated at potential points 
of entry of pathogens into the body, such as the skin, lungs, gas- 
trointestinal traet, and urogenital traet. Through innate immu- 
nity reeeptors, mast eells are stimulated to release eytokines that 
reernit neutrophils, eosinophils, basophils, and T eells. As part of 
adaptive immunity, mast eells release inflammatory mediators, 
such as histamine, and a variety of destructive enzymes. Mast eells 
also seerete growth faetors that promote tissue repair. 

Basophils are white blood eells eontaining granules that are 
similar, but not identieal, to mast eells. They are reemited by 
eytokines from the blood to sites of infeetion where they promote 
inflammation. Basophils are aetivated through their innate immunity 
reeeptors and antibodies. 

Eosinophils are white blood eells that ean move from the blood 
into infeeted tissues in response to eytokines released by mast eells 
and other eells. Most eosinophils, however, reside in the same eon- 
neetive tissues as mast eells. The granules of eosinophils include 
cytotoxic and neurotoxin proteins that ean be released to kill multi- 
cellular worm parasites, which are too large to be ingested and killed 
by phagoeytosis. These proteins also ean damage surrounding healthy 
eells. Eosinophils release their toxic and inflammatory mediators 
through an adaptive immune response. inereased numbers of eosino- 
phils is a eharaeteristie of ehronie allergie inflammation, and eosino- 
phils are the main cause of airway damage in ehronie asthma. 

28 What role do antibodies play in the release of ehemieals from mast 
eells, basophils, and eosinophils? 

29 Deseribe mast eells, basophils, and eosinophils and the effeets 
produced by the ehemieals they seerete. 


19.4 innate lmmunity 

Innate immunity proteets against pathogens by preventing their 
entry into the body. Epithelial barriers are formed by the epithelia of 
the skin and mucous membranes. The epithelium is a meehanieal bar- 
rier that also produces surface ehemieals, such as lysozyme, defensins, 
sebum, and mucus, that kill pathogens or prevent them from enter- 
ing the body (table 19.3). Additionally, tears, saliva, mucus, and urine 
wash pathogens from the surfaces of the body. 

Innate immunity provides proteetion against extracellular and 
intracellular pathogens. Extracellular pathogens are outside of host 
eells on the surface of epithelia or in body fluids, such as blood, 
lymph, and interstitial fluid. Examples are most baeteria, protozoans, 
flrngi, and multicellular parasites. Intracellular pathogens are inside 
the host eells. Examples are virnses and a few intracellular baeteria 
and flmgi. Intracellular pathogens en route to eells ean be eonsidered 
extracellular pathogens. 

30 How do epithelial barriers provide proteetion against pathogens? 

31 Define extrocellularpothogens and intracellularpothogens. 
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Table 19.3 


ehemieal Mediators of Innate lmmunìty and Their Functions 


ehemieal 


Deseription 


ehemieal Deseription 


Complement 


Cytokines 


Defensins 

Histamine 


Interferons 

Kinins 




Complement is a group of plasma proteins that 
inerease vascular permeability, stimulate the release 
of histamine, aetivate kinins, lyse eells, promote 
phagoeytosis, and attraet neutrophils, monoeytes, 
maerophages, and eosinophils. 

Cytokines are proteins or peptides that function as 
mediators of immune and inflammatory responses; 
seereted mainly by maerophages and NK eells in 
innate immunity and by B eells and T eells in 
adaptive immunity (see table 19.1). 

Defensins are peptides produced by neutrophils and 
epithelial eells that dismpt mierobial membranes. 

Histamine is an amine released from mast eells, basophils, 
and platelets; histamine causes vasodilation, inereases 
vascular permeability, stimulates gland seeretions 
(espeeially mucus and tear production), causes smooth 
muscle eontraetion of airway passages (bronehioles) in 
the lungs, and attraets eosinophils. 

Interferons are proteins, produced by most eells, that 
interfere with virus production and infeetion. 

Kinins are polypeptides derived from plasma proteins; 
kinins cause vasodilation, inerease vascular permeability, 
stimulate pain reeeptors, and attraet neutrophils. 


Leukotrienes Leukotrienes are a group of lipids, produced primarily 

by mast eells and basophils, that cause prolonged 
smooth muscle eontraetion (espeeially in the lung 
bronehioles), inerease vascular permeability, and 
attraet neutrophils and eosinophils. 


Prostaglandins Prostaglandins are a group of lipids (PGEs, PGFs, 

thromboxanes, and prostaeyelins), some of which 
cause smooth muscle relaxation and vasodilation, 
inerease vascular permeability, and stimulate pain 
reeeptors. 

Pyrogens Pyrogens are ehemieals, released by neutrophils, 

monoeytes, and other eells, that stimulate fever 
production. 

Surface ehemieals Lysozymes (in tears, saliva, nasal seeretions, and 

sweat) lyse eells; defensins (antimierobial peptides 
produced by all epithelia) and aeid seeretions 
(sebum in the skin and hydroehlorie aeid in the 
stomaeh) prevent mierobial growth or kill 
pathogens; mucus on the mucous membranes 
traps pathogens until they ean be destroyed. 


Abbreviations: PGE = prostaglandin E; PGF = prostaglandin F. 


innate Proteetion Against 
Extracellular Pathogens 

Phagoeytosis and inflammation are the primary innate meehanisms 
providing proteetion against extracellular pathogens. Neutrophils 
and maerophages are the primary phagoeytes and, along with other 
immune eells, they release ehemieals that promote inflammation. In 
addition, eomplement promotes phagoeytosis and inflammation. 

eomplement 

Complement is a group of plasma proteins produced by the liver 
that normally circulate in the blood in an inaetive, nonflmetional 
form. They beeome aetivated in the eomplement easeade, a series of 
reaetions in which eaeh eomponent of the series aetivates the next 
eomponent (figure 19.9). Complement proteins are aetivated when 
they split into fragments, ehange shape, or eombine with eaeh other. 

The eomplement easeade begins in several ways. The alternate 
pathway and the leetin pathway are part of innate immunity, whereas 
the elassieal pathway is part of both innate and adaptive immunity. The 
elassieal pathway is so ealled because it was the first pathway deseribed. 

The alternate pathway is the initial eomplement response to 
pathogens. The eomplement protein C3 aetivates spontaneously at a 
low rate when released by the liver into the blood. It normally is 
quickly inaetivated by proteins on the surface of the body’s eells. 
However, if spontaneously aetivated C3 attaehes to the surface of a 
pathogen, then it is stabilized and aetivates the eomplement easeade. 

If an infeetion persists, maerophages release eytokines that pro- 
mote inflammation. These inflammatory eytokines also stimulate the 
liver to release mannose-binding leetin and C-reactive protein. The 


leetin pathway begins when mannose-binding leetin binds to mannose- 
eontaining molecules on the surface of pathogens. C-reactive protein 
binds to phosphoeholine on the surface of pathogens and aetivates 
C1 in the elassieal pathway (see figure 19.9). C1 ean also be aetivated 
by antibodies bound to the surface of pathogens as part of adaptive 
immunity (see “Effeets of Antibodies,” p. 391). C-reactive protein is 
of elinieal interest because inereased levels of C-reactive protein 
indieate that inflammation is occurring. For example, inereased 
levels of C-reactive protein are assoeiated with a higher risk of ear- 
diovascular disease because inflammation aeeompanies plaque 
buildup in blood vessels. 

All of the eomplement pathways eonverge to produce aeti- 
vated C3 on the surface of pathogens. This aetivated C3 causes 
other eomplement proteins to be aetivated (see figure 19.9). The 
aetivated eomplement proteins provide proteetion in several ways 
(see table 19.3). They stimulate neutrophils and maerophages to 
phagoeytize baeteria, attraet immune eells to sites of infeetion, and 
promote inflammation. Complement proteins ean also form a 
membrane attaek complex (MAC), which produces a ehannel 
through the plasma membrane. The movement of water through 
the ehannels results in the lysis (rupture) of eells. 

32 What is eomplement? Deseribe the pathways by which it is aetivated. 

How does eomplement provide proteetion? 

Inflammatory Response 

When extracellular pathogens breaeh the epithelial barrier and enter 
a tissue, they encounter the resident maerophages, dendritie eells, 
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1. In the alternative pathvvay, 
spontaneously aetivated C3 
beeomes stabilized on the 
pathogen surface. 

2. In the leetin pathvvay, 
mannose-binding leetin on 
the pathogen surface 
aetivates C2 and C4. 

3. In the elassieal pathvvay, C1 
is aetivated by antibody or 
C-reactive protein on the 
pathogen surface. 

4. All pathvvays eonverge to 
aetivated C3. 

5. Aetivated C3 aetivates C5, 
vvhieh aetivates C6, and so 
on. 

6. Aetivated C3-C7 promote 
phagoeytosis, inflammation, 
and chemotaxis. 

7. Aetivated C5-C9 eombine to 
form a membrane attaek 
complex (MAC), vvhieh forms 
a ehannel through the 
pathogen plasma membrane 
(only C9 of MAC is shovvn). 


eiassieal 

Pathvvay 


Leetin 

Pathway 

Alternative 

Pathway 

Antibody attaehes 

C-reactive protein 

Mannose-binding 

Spontaneously 

to pathogen 

attaehes to 

leetin attaehes to 

aetivated C3 

surface 

pathogen surface 

pathogen surface 

attaehes to 
pathogen surface 


O 


O 


* 


o 


eomplement proteins 
promote phagoeytosis, 
inflammation, and 
chemotaxis. 


Proeess Figure 19.9 eompiement easeade 

Complement proteins circulate in the blood in an inaetive form. Only the 
aetivated proteins are shovvn. 
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and mast eells. The maerophages and dendritie eells phagoeytize the 
pathogen and, along with mast eells, release eytokines that attraet 
neutrophils and other immune eells to the site of infeetion. This is 
the beginning of the inflammatory response, a complex reaetion of 
innate immunity resulting in the aetivation and accumulation of 
immune eells, the release of inflammatory ehemieals, and the aetiva- 
tion of eomplement. 

Most inflammatory responses are very similar, although some 
details ean vary, depending on the intensity of the response and the 
type of injury. A baeterial infeetion is used here to illustrate an 
inflammatory response (figure 19.10). The baeteria or damage to tis- 
sues causes the release or aetivation of eytokines, histamine, prosta- 
glandins, leukotrienes, eomplement, kinins and other ehemieals (see 
table 19.3). These ehemieal mediators produce several effeets: 
(1) vasodilation inereases blood flow, which brings white blood eells 
to the area; (2) chemotaxis of white blood eells, which leave the 
blood and enter the tissue; and (3) inereased vascular permeability, 
allowing fibrinogen and eomplement to enter the tissue from the 
blood. Fibrinogen is eonverted to fibrin (see ehapter 16), which 


isolates the infeetion by walling off the infeeted area. Complement 
further enhanees the inflammatory response, promotes phagoeytosis, 
and attraets additional white blood eells. This proeess of releasing 
ehemieal mediators and attraeting white blood eells continues until 
the baeteria are destroyed. Phagoeytes remove pathogens and dead 
tissue, and the damaged tissues are repaired. 

Inflammation ean be loealized or systemie. Loeal inflammation 
is an inflammatory response eonfined to a speeifie area of the body. 
Symptoms of loeal inflammation include redness, heat, swelling, pain, 
and loss of flmetion. Redness, heat, and swelling result from inereased 
blood flow and inereased vascular permeability. Pain is caused by swell- 
ing and by ehemieal mediators aeting on pain reeeptors. Loss of flme- 
tion results from tissue destruction, swelling, and pain. 

Systemie inflammation is an inflammatory response that 
occurs in many parts of the body. In addition to the loeal symptoms 
at the sites of inflammation, three additional features ean be present. 
First, red bone marrow produces and releases large numbers of neu- 
trophils, which promote phagoeytosis. Seeond, neutrophils, maero- 
phages, and other eells release pyrogens (pl'rò-jenz, fire-producing), 
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Tissue 
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Chemical mediators ._ 

are released. 

1 
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inereased blood flow 
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site of tissue damage 
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Figure 19.10 inflammatory Response 

Baeteria cause tissue damage and the release of ehemieal mediators, which 
initiate inflammation and phagoeytosis, resulting in the destruction of the 
baeteria. If any baeteria remain, additional ehemieal mediators are aetivated. 
After all the baeteria have been destroyed, the tissue is repaired. 


which are ehemieals that stimulate fever production. Pyrogens affeet 
the body’s temperature-regulating meehanism in the hypothalamus, 
heat is eonserved, and body temperature inereases. Fever promotes 
immune aetivities, such as phagoeytosis, and inhibits the growth of 
some pathogens. Third, in severe eases of systemie inflammation, 
inereased vascular permeability is so widespread that large amounts 
of fluid are lost from the blood into the tissues. The deereased blood 
volume ean cause shoek and death. 

33 Deseribe the events that take plaee during an inflammatory response. 

34 What are the symptoms of loeal and systemie inflammation? 


Innate Proteetion Aga nst 
intraeelliilar Pathogens 

Interferons and NK eell destmetion of infeeted eells are the main 
ways in which innate immunity provides proteetion against intraeel- 
lular pathogens. Interferons (in-ter-fér'onz), or simply interferon, 
are proteins that proteet the body against viral infeetion. When a 
virus infeets a eell, the infeeted eell produces viral nucleic aeids and 
proteins, which are assembled into new virnses. The new virnses are 
released from the infeeted eell to infeet other eells. Viral infeetions 
are harmful to the body because infeeted eells usually stop their 
normal flmetions or die during viral replieation. Virnses often 
stimulate infeeted eells to produce type I interferon. Innate immu- 
nity reeeptors enable dendritie eells to sense virnses and produce 
type I interferon, and intracellular events assoeiated with viral repli- 
eation stimulate almost all human eells to produce type I interferon. 
Type I interferon reeeptors are always on the surface of almost all 
human eells, ready to bind with type I interferon produced by 
infeeted eells. When eells produce type I interferon, it binds to 
reeeptors on neighboring eells or on the interferon-producing eells. 
This binding is a signal for the eells to produce antiviral proteins, 
which inhibit viral reproduction by preventing the production of 
new viral nucleic aeids and proteins. 

The innate immunity reeeptors of NK eells reeognize virus- 
infeeted eells, damaged eells, and tumor eells. When type I interferon 
binds to NK eells, their killer flmetions are stimulated and they 
seerete type II interferon, which promotes phagoeytosis by maero- 
phages. NK eells are the innate immunity counterpart of adaptive 
immunity cytotoxic T eells, and they kill eells in the same way (see 
“Effeets of CytotoxicT Cells,” p. 592). Early in a viral infeetion NK 
eells kill virus-infected eells, but later that task is assumed by eyto- 
toxic T eells. Meanwhile, maerophages and neutrophils phagoeytize 
dead eells and promote inflammation. 



Treating Viral infeetions and eaneer 
with interferons 

Interferons may play a role in eontrolling eaneers because some 
eaneers are induced by viruses. Interferons aetivate maerophages 
and natural killer eells (a type of lymphoeyte), which attaek tumor 
cells.Through genetie engineering, interferons are produced in suf- 
fieient quantities for elinieal use; along with other therapies, they 
have been effeetive in treating eertain viral infeetions and eaneers. 
For example, interferons are used to treat hepatitis C, a viral disorder 
that ean cause eirrhosis and eaneer of the liver, and to treat genital 
warts, caused by the human papillomavims. Interferons are also 
approved for the treatment of Kaposi sareoma, a eaneer that ean 
develop in AIDS patients. 


35 What are interferons? How do they provide proteetion against 
viruses? 

36 Deseribe the aetivation of NK eells and cytotoxicT eells. 
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19.5 Adaptive immiinity 

Adaptive immunity ean be divided into antibody-mediated immu- 
nity and eell-mediated immunity. Antibody-mediated immunity 
provides proteetion against extracellular pathogens and results from 
the aetivity of B eells and antibodies. Antibody-mediated imirmnity 
is also ealled humoral immunity because antibodies were diseov- 
ered in body fluids (humors) such as blood and lymph. Cell-mediated 
immunity provides proteetion against intracellular pathogens and 
results from the aetivity of T eells. 

Antibody-mediated and eell-mediated immunity proteet us but 
ean also harm us. Inappropriate overreaetion of antibody-mediated 
immunity results in immediate hypersensitivity reaetions, such as hay 
fever, asthma, hives, and anaphylaxis; inappropriate overreaetion of 
eell-mediated immunity results in delayed hypersensitivity reaetions 
such as eontaet hypersensitivity (see “Immune Problems of Oinieal 
Signifieanee,” p. 596) 

37 Against what kinds of pathogens do antibody-mediated immunity 
and eell-mediated immunity provide proteetion? 

38 How ean overreaetion of antibody-mediated and eell-mediated 
immunity be harmful? 


Origin and Maturation of 
Lymphoeytes 

Lymphoeytes originate in red bone marrow (see ehapter 16), 
where stem eells give rise to pre-B eells and pre-T eells (see figure 
19.8 and 19.11). The pre-B eells and pre-T eells mature in differ- 
ent loeations. The pre-B eells remain in the red bone marrow, 
where they divide and develop into mature B eells. The pre-T eells 
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Figure 19.11 origin and Proeessing of B eells and T eells 

Pre-B eells and pre-T eells originate from stem eells in red bone marrow. The 
pre-B eells remain in the red bone marrow and beeome B eells.The pre-T eells 
circulate to the thymus, where they beeomeT eells. Both B eells and T eells 
circulate to other lymphatie tissues, such as lymph nodes, where they ean 
divide and inerease in number in response to antigens. 


are earried by the blood to the thymus, where they divide and 
develop into mature T eells. The thymus produces hormones, such 
as thymosin, which stimulate T-eell maturation. 

The red bone marrow and thymus, where lymphoeytes 
mature, is eentral (primary) lymphatie tissue. Mature lympho- 
eytes leave the eentral lymphatie tissues and populate peripheral 
(seeondary) lymphatie tissue, which is where pathogens stimu- 
late mature lymphoeytes. The peripheral lymphatie tissues include 
the lymph nodes, which filter lymph from the skin, skeletal mus- 
eles, and organs; the spleen, which filters the blood; and nonen- 
capsulated lymphatie tissue under mucous membranes. 

Lymphoeytes continually circulate between lymph, blood, and 
peripheral lymphatie tissues. As they pass through the peripheral 
lymphatie tissues, dendritie eells and maerophages present antigens 
to them. When a lymphoeyte encounters the antigen for which it is 
speeifie, it is aetivated to produce an adaptive immune response. 

The mamration of pre-B and pre-T eells involves a positive and 
negative seleetion proeess. Positive seleetion results in the survival 
of pre-B eells and pre-T eells that are eapable of an immune response. 
Cells that are ineapable of an immune response undergo apoptosis. 
Negative seleetion causes lymphoeytes aeting against self-antigens to 
undergo apoptosis or stimulates them to ehange their speeifieity, a 
proeess ealled reeeptor editing. The network of epithelial eells in the 
thymus exposes the developing T eells to self-antigens and surrounds 
eapillaries to form a blood-thymus barrier, which prevents the entry 
of foreign antigens. 

The B eells and T eells that survive the positive and negative 
seleetion proeesses eonsist of small groups of identieal lymphoeytes 
ealled elones. Eaeh elone is speeifie for a particular antigen. Although 
eaeh elone responds only to a particular antigen, such a large number 
of elones exist that adaptive immunity ean reaet to most antigens. 

39 Where do B eells and T eells originate and mature? Where are they 
stimulated byantigens? 

40 Distinguish between positive and negative lymphoeyte seleetion. 

What is reeeptor editing and the blood-thymus barrier? 

41 What are lymphoeyte elones? 


Antigenie Determinants and 
Antigen Reeeptors 

Lymphoeytes do not reeognize an entire antigen. Antigenie deter- 
minants, or epitopes (ep'i-tóps), are speeifie regions of a given 
antigen reeognized by a lymphoeyte, and eaeh antigen has many 
different antigenie determinants. All the lymphoeytes of a given 
elone have, on their surfaces, identieal proteins ealled antigen 
reeeptors, which eombine with a speeifie antigenie determinant. 
The immune response to an antigen with a particular antigenie 
determinant is similar to the loek-and-key model for enzymes (see 
ehapter 2), and any given antigenie determinant ean eombine 
only with a speeifie antigen reeeptor. The antigen reeeptors on B 
eells are ealled B-eell reeeptors and those on T eells are ealled 
T-eell reeeptors. 

42 Define ontigenie determinant and antigen reeeptor. How are they 
related to eaeh other? 
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Major Histoeompatibility 
Complex Molecules 

Major histoeompatibility complex (MHC) molecules are glyeopro- 
teins on the surfaces of eells that are involved with the aetivation of 
most lymphoeytes. They function like serving trays by binding to 
antigens and presenting the antigens to T-eell reeeptors. There are 
two elasses of MHC molecules, eaeh with different functions. MHC 
elass I moleeiiles are found on almost all body eells and function to 
present antigens from intracellular pathogens to cytotoxic T eells 


(figure 19.12^). For example, viruses reproduce inside eells, forming 
viral proteins that are foreign antigens. Some of these viral proteins 
are broken down in the eytoplasm. The protein fragments enter the 
rough endoplasmie reticulum and eombine with MHC elass I mol- 
ecules to form complexes that move through the Golgi apparams to 
be distributed on the surface of the eell (see ehapter 3). 

The same proeess that moves foreign protein fragments to the 
surface of eells ean also transport self-protein fragments (see fig- 
ure 19.12^). As part of normal protein metabolism, eells continually 
break down old proteins and synthesize new ones. Some self-protein 


1. Foreign proteins from 
intracellular pathogens or self- 
proteins within the eytosol 
are broken down into 
fragments that are antigens. 

2. Antigens are transported into 
the rough endoplasmie 
reticulum. 

3. Antigens eombine with MHC 
elass I molecules. 

4. The MHC elass l/antigen 
complex is transported to the 
Golgi apparatus, paekaged 
into a vesiele, and 
transported to the plasma 
membrane. 

5. Foreign antigens eombined 
with MHC elass I molecules 
stimulate cytotoxicT eells. 

6. Self-antigens eombined with 
MHC elass I molecules do 

not normally stimulate cytotoxic 
T eells. 
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(a) lntracellular antigen proeessing 


Stimulates cytotoxic 
T eells 


Foreign antigen 


MHC elass 
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Self-antigen 


Normally does not 
stimulate cytotoxic 
T eells 


1. Aforeign extracellular antigen is 
ingested by endoeytosis and is 
within a vesiele. 

2. The antigen is broken down into 
fragments to form proeessed 
foreign antigens. 

3. The vesiele eontaining the 
proeessed foreign antigens fuses 
with vesieles produced by the 
Golgi apparatus that eontain MHC 
elass II molecules. Proeessed 
foreign antigens and MHC 

elass II molecules eombine. 

4. The MHC elass ll/antigen 
complex is transported to the 
plasma membrane. 

5. The displayed MHC elass 
ll/antigen complex 
stimulates helperT eells. 
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(b) Extracellular antigen proeessing 


Stimulates 
helper T eells 


Proeess Figure 19.12 Antigen Proeessing apìr, 

Antigens are proeessed and presented toT eells with MHC molecules. ( a ) Almost all eells, including APCs, express MHC elass I molecules. (ò) Only APCs express MHC 
elass II molecules. 
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fragments that restilt from protein breakdown ean eombine with 
MHC elass I moleetiles and be displayed on the siirfaee of the eell, 
thus beeoming self-antigens. Normally, cytotoxic T eells do not 
respond to self-antigens in eombination with MHC elass I mole- 
cules because the cytotoxic T eells that could respond have been 
eliminated or inaetivated (see “Immunological Toleranee,” p. 594). 

MHC elass II moleeiiles are found on professional antigen- 
presenting eells and function to present antigens from extracellular 
pathogens to helper T eells. The professional antigen-presenting 
eells (APCs) are dendritie eells, maerophages, and B eells. APCs take 
in by endoeytosis extracellular pathogens, which includes viruses 
when they are outside of eells (figure 19.12^). Within the endoey- 
totie vesiele, the pathogen is broken down into fragments to form 
proeessed antigens. Vesieles from the Golgi apparams eontaining 
MHC elass II molecules eombine with the endoeytotie vesieles. 
The MHC elass II molecules and proeessed antigens eombine, and 
the MHC elass II/antigen complexes are transported to the surface 
of the eell, where they are displayed to helper T eells. 

The response of T eells to an antigen is said to be MHC- 
restrieted because both the antigen and the individual organism’s 
own MHC molecule are required for the T eell to reeognize the 
antigen. 

43 What type of antigens are displayed by MHC elass I and II molecules? 

To what eells do they present antigens? 

44 Define MHC-restricted. 




In mouse A, cytotoxicT eells ean respond to virus X. If these cytotoxicT eells are 
transferred to mouse B, which is infeeted with virus X, will the cytotoxic T eells 
respond to the virus? Explain. 


Naive Lymphoeytes 

A naive lymphoeyte is a mature helper T eell, cytotoxic T eell, or 
B eell that has not been exposed to the antigen for which it is 
speeifie. Naive lymphoeytes continually pass through peripheral 
lymphatie tissues where they may encounter an antigen. For 
example, naive lymphoeytes ean pass from one lymph node to 
another through eonneeting lymphatie vessels or move with lymph 
into the blood and be earried to another peripheral lymphatie tis- 
sue, which they enter. 

Antigens are brought from infeeted tissues to peripheral lym- 
phatie tissues by dendritie eells, which capture antigens in two 
ways. Stimulation of dendritie innate immunity reeeptors by 
extracellular pathogens promotes phagoeytosis by dendritie eells 
and the display of antigens with MHC elass II molecules. infeetion 
of dendritie eells by intracellular pathogens, such as virnses, results 
in antigen display by MHC elass I molecules. In response to anti- 
gens, dendritie eells beeome mobile and move along with lymph 
to the nearest peripheral lymphatie tissue, where they present the 
antigens to naive lymphoeytes. 

Antigens in lymph and blood ean also enter peripheral lym- 
phatie tissues and stimulate the innate immunity reeeptors of 
maerophages, which phagoeytize the antigens and display them 
with MHC elass II molecules. 


Dendritie eells and maerophages expose naive T eells to their 
antigens, resulting in their aetivation. Aetivated helper T eells assist 
in the aetivation of B eells and cytotoxic T eells. The aetivated eyto- 
toxic T eells and some aetivated helper T eells leave the peripheral 
lymphatie tissue and travel by blood to infeeted tissues. The eyto- 
toxic T eells kill eells infeeted with intracellular pathogens and the 
helper T eells seerete eytokines that promote the destmetion of 
pathogens by maerophages. Aetivated B eells remain in the periph- 
eral lymphatie tissue, but antibodies enter the blood and provide 
proteetion against extracellular pathogens. 

45 What are naive lymphoeytes? Deseribe their circulation through 
peripheral lymphatictissues. 

46 In what ways do antigens from infeeted tissues reaeh naive 
lymphoeytes? 

47 What functions are performed by aetivated lymphoeytes? 

Aetivation of Helper T eells 

Antibody-mediated immunity often begins with the aetivation of 
helper T eells. The helper T eells ean assist in the aetivation of naive B 
eells and naive T eells. Dendritie eells and maerophages phagoeytize 
and proeess extracellular antigens (figure 19.13, step 1). They use 
MHC elass II molecules to present the proeessed antigens to naive 
helper T eells (figure 19.13 step 2). As the helper T eells circulate 
through the peripheral lymphatie tissue, only the helper T eells with 
T-eell reeeptors that are speeifie for the MHC elass II/antigen complex 
respond. To ensure that only helper T eells respond to the MHC elass 
II/antigen complex, a glyeoprotein found on the surface of helper T 
eells, ealled CD4, must bind to the MHC elass II molecule (fig- 
ure 19.13, step 3). Helper T eells are sometimes referred to as CD4 
eells or T4 eells because they are the only T eells with CD4 molecules. 

The eombination of an MHC elass II/antigen complex with a 
T-eell reeeptor plus the eombination of CD4 with the MHC elass II 
molecule is the first signal neeessary to produce a response from a 
helper T eell. A seeond signal is provided by eostimiilators, which 
are surface proteins on APCs. One of the most important costimula- 
tors is B7, which binds to CD28 on helperT eells (figure 19.13, step 4). 
Resting APCs express little or no B7, but after aetivation by antigens, 
APCs express B7 and inerease their expression of MHC molecules. 
Thus, costimulation ensures that helper T eells are aetivated in 
response to an infeetion. 

The helper T eell responds to antigen presented by the MHC 
molecule and costimulation by producing interleukin-2 reeeptors 
and seereting the eytokine interleukin-2 (figure 19.13, step 5). 
Interleukin-2 binds to the reeeptors and stimulates the helper T eell 
to divide and differentiate (figure 19.13, step 6). The helper T eell 
divides to produce two daughter eells that divide, and so on, result- 
ing in an inereased number of T eells (not shown in figure 19.13). 
Some of these eells are memory T eells, but most are fimetional 
helper T eells. The memory T eells provide long-lasting immunity 
(figure 19.13, step 7). If they are stiirmlated in a subsequent infee- 
tion, they rapidly beeome fimetional helper T eells, resulting in a 
strong imnmne response. The helper T eells seerete eytokines that 
regulate the aetivity of other immune eells, such as B eells, cytotoxic 
T eells, and maerophages (figure 19.13, step 8). The aetivities of 
these eells cause the antigen to be eliminated. 
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1. Dendritie eell (or maerophage) 
takes in extracellular antigen, 
proeesses it, and displays it on 
the eell’s surface (see 

figure 19.12b) 

2. The proeessed antigen is 
bound to an MHC elass II 
molecule, which presents the 
proeessed antigen to a T-eell 
reeeptor of a naive helper 
Teell. 

3. CD4 attaehes to the MHC 
elass II molecule. 

4. B7/CD28 provides 
costimulation of the helper 
Teell. 

5. The aetivated helper T eell 
produces interleukin-2 
reeeptors and seeretes 
interleukin-2, which binds to 
the interleukin-2 reeeptors. 

6. lnterleukin-2 stimulates the 
helper T eell to divide and 
differentiate. Many divisions 
(not shown) inerease the 
number of T eells. 

7. The aetivated helper T eell 
gives rise to memory T eells, 
which provide long-lasting 
immunity. 

8. The aetivated helper T eell 
gives rise to functional helper 
T eells that seerete eytokines. 
The eytokines regulate the 
aetivities of other immune 
eells, such as B eells, cytotoxic 
T eells, and maerophages, 
which results in the elimination 
of the antigen. 
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Proeess Figure 19.13 Aetivation and Proliferation of Helper T eells ap r 

An antigen-presenting eell (dendritie eell or maerophage) stimulates a naive helperT eells to divide, producing memoryT eells and functional helperT eells. 


inhibiting and Stimiilating lmmunity 

Deereasing the production or aetivity of eytokines ean suppress 
immunity. For example, eyelosporine, a drug used to prevent the 
rejeetion oftransplanted organs, inhibits the production of interleukin-2. 
Conversely, genetieally engineered interleukins ean be used to 
stimulate immunity. Administering interleukin-2 has promoted the 
destruction of eaneer eells in some eases by inereasing the aetivities 
ofT eells. 


48 What is the role of MHC molecules, CD4 molecules, costimulators, 
and interleukin-2 in the aetivation of helperT eells? 

Antìbody-Med ated lmmunity 

For the adaptive immune response to occur, naive lymphoeytes first 
have to reeognize antigens. After reeognition, the naive lymphoeytes 
in a elone divide and differentiate, producing a large number of lym- 
phoeytes eapable of responding to the antigen. 
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Aetivation of B eells 

The B-eell reeeptor ean bind to antigens without the help of MHC 
molecules. Some antigens, such as the lipopolysaeeharides in the eell 
wall of Gram-negative baeteria, ean bind to B-eell reeeptors and 
initiate a B eell response, resulting in the production of antibodies 
(figure 19.14, step 1). Although this response is rapidly produced, it 
is relatively weak eompared to the response produced when B eells 
are aetivated with assistanee from helper T eells. 

Most B eells do not respond to antigens without stimulation from 
helper T eells. This proeess begins when a B eell takes in by reeeptor- 
mediated endoeytosis the same antigen that stimulated the helper T 
eell. The antigen is proeessed by the B eell and presented on the B-eell 
surface by an MHC elass II molecule (figure 19.14, step 2). The T-eell 
reeeptor of an aetivated helper T eell then binds to the MHC elass II/ 
antigen complex and CD4 binds to the MHC elass II molecule (fig- 
ure 19.14, step 3). Onee helper T eells have been aetivated, they no 
longer require B7/C28 costimulation to respond to an antigen. The 


helperT eell seeretes interleukins, espeeially interleukin-4 (figure 19.14, 
step 4). Interleukin-4 stimulates the B eells to divide and differentiate 
(figure 19.14, step 3). The B eell divides to produce two daughter eells 
that divide, and so on, resulting in an inereased number of B eells (not 
shown in figure 19.14). Some of the daughter eells beeome memory 
B eells, which provide long-lasting immunity (figure 19.14, step 6). 
Most of the daughter eells beeome plasma eells, which produce anti- 
bodies (figure 19.14, step 7). The inereased number of plasma eells, 
eaeh producing antibodies, ean produce an immune response that 
eliminates the antigens (see “Effeets of Antibodies,” p. 391). 

49 Deseribe two ways in which B eells are aetivated. 


Prediet 



How does elimination of an antigen stop the production of antibodies? 


1. An antigen binds to a B-eell reeeptor. 
For some antigens, this provides 
sufficient stimulation to aetivate the 
B eell (go to step 6). 


2. Most B eell aetivation requires helper 
T eells. B eells take in antigens by 
reeeptor-mediated endoeytosis and 
use an MHC elass II molecule to 
present proeessed antigen to a 
helper T eell. 


3. The T-eell reeeptor binds to the MHC 
elass ll/antigen complex and CD4 
binds to the MHC elass II molecule. 


4 . The helper T eell seeretes 

interleukin-4 and other eytokines, 
which stimulate the B eell. 


5. The aetivated B eell proliferates and 
differentiates. Many divisions (not 
shown) inerease the number of 
B eells. 


6. The aetivated B eell gives rise to 
memory B eells, which provide 
long-lasting immunity. 


7. The aetivated B eell gives rise to 
plasma eells, which produce 
antibodies. Antibodies are part of the 
immune response that eliminates the 
antigen. 
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Proeess Figure 19.14 Aetivation and Proliferation of B eells 

A helperT eell stimulates a naive B eell to divide, producing memory B eells and plasma eells, which produce antibodies. 
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Structure of Antibodies 

Antibodies are proteins produced in response to an antigen. Tbey are 
Y-shaped molecules eonsisting of four polypeptide ehains: two identi- 
eal heavy ehains and two identieal light ehains (figure 19.15). The end 
of eaeh “arm” of the antibody is the variable region, which is the part 
of the antibody that eombines with the antigen. The variable region 
of a particular antibody ean only join with a particular antigen. This 
is similar to the loek-and-key model of enzymes. The rest of the anti- 
body is the eonstant region, which has several fimetions. For exam- 


Variable regions 
of light and 



Figlire 19.15 Structure of an Antibody 

Antibodies eonsist of two heavy and two light polypeptide ehains. The variable 
region of the antibody binds to the antigen.The eonstant region of the 
antibody ean aetivatethe elassieal pathway ofthe eomplement easeade.The 
eonstant region ean also attaeh the antibody to the plasma membrane of eells 
such as maerophages, basophils, or mast eells. 


ple, the eonstant region ean aetivate eomplement, or it ean attaeh the 
antibody to eells such as maerophages, basophils, and mast eells. 

Antibodies make up a large portion of the proteins in plasma. 
Most plasma proteins ean be separated into albumin and alpha, 
beta, and gamma globulin portions. Antibodies are ealled gamma 
globulins (glob'u-linz, globule) because they are found mostly in 
the gamma globulin part of plasma. Antibodies are also ealled 
immiinoglobiilins (Ig) because they are globulin proteins involved 
in immunity. The five general elasses of immunoglobulins, based 
on the structure of their eonstant regions, are denoted IgG, IgM, 

IgA, IgE, and IgD (table 19.4). 

50 Antibody-mediated immunity is effeetive against what kinds of 
antigens? 

51 What are the functions of the variable and eonstant regions of an 
antibody? List the five elasses of antibodies, and state their functions. 



Uses of Monoelonal Antibodies 

A monodonal antibody is an antibody speeifìe for one antigen 
produced by a single elone of B eells. When the antigen is injeeted 
into a laboratory animal, it aetivates a B-eell elone against the anti- 
gen.The B eells are removed from the animal and fused with tumor 
eells. The resulting hybridoma eells have two ideal eharaeteristies: 
They divide to form large numbers of eells, and the eells of a given 
elone produce only one kind of antibody. 

Monoelonal antibodies are used for determining pregnaney and 
for diagnosing diseases, such as gonorrhea, syphilis, hepatitis, rabies, 
and eaneer. These tests are speeifìe and rapid because the monoelo- 
nal antibodies bind only to the antigen being tested. Monoelonal 
antibodies have been ealled"magie bullets"because they may some- 
day be used to treat eaneer by delivering drugs to eaneer eells (see 
"lmmunotherapy,"p. 594). 


Table 19.4 


eiasses of Antibodies and Their Functions 


Total Serum 


Antibody Antibody (%) Deseription 


Structure 


IgG 80-85 


IgM 5-10 


igA 

igE 

igD 


14-19 

0.002 

0.2 


Aetivates eomplement and promotes phagoeytosis; 
ean eross the plaeenta and provide immune 
proteetion to the fetus and newborn; responsible for Rh 
reaetions, such as hemolytie disease of the newborn 

Aetivates eomplement and aets as an antigen-binding reeeptor 
on the surface of B eells; responsible for transfusion reaetions 
in the ABO blood system; often the first antibody produced in 
response to an antigen 

Seereted into saliva, into tears, and onto mucous membranes to 
provide proteetion on body surfaces; found in eolostmm and 
milkto provide immune proteetion to newborns 

Binds to mast eells and basophils and stimulates the 
inflammatory response 

Functions as antigen-binding reeeptors on B eells 







Heavy ehain 


Light ehain 
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(a) Inaetivate the antigen. An antibody binds 
to an antigen and inaetivates it. 


Antigen 




Antibody 


(b) Bind antigens together. Antibodies bind 
several antigens together. 



(e) Aetivate the eomplement easeade. An 

antigen binds to an antibody. As a result, 
the antibody ean aetivate eomplement 
proteins, which ean produce inflammation, 
chemotaxis, and lysis. 



Oomplement 

easeade 

aetivated 


Inflammation 

Chemotaxis 

Lysis 


(d) Initiate the release of inflammatory 
ehemieals. An antibody (IgE) binds to a 
mast eell, basophil, or eosinophil. When an 
antigen binds to the antibody, it triggers a 
release of ehemieals that cause 
inflammation. 


X 








Chemicals 



Inflammation 


Mast eell, basophil, or eosinophil 


(e) Faeilitate phagoeytosis. An antibody 
binds to an antigen and then to a neutrophil 
or maerophage, which phagoeytizes the 
antibody and antigen. 




Maerophage 


Figure 19.16 Effeets of Antibodies !ap:r 

Antibodies direetly affeet antigens by inaetivating the antigens or binding the antigens together. Antibodies indireetly affeet antigens by aetivating other meehanisms 
through the eonstant region of the antibody. indireet meehanisms include aetivation of eomplement, inereased inflammation resulting from the release of 
inflammatory ehemieals from mast eells, basophils, and eosinophils, and inereased phagoeytosis resulting from antibody attaehment to neutrophils and maerophages. 
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Effeets of Antibodies 

Antibodies ean affeet antigens either direetly or indireetly. Direet 
effeets occur when a single antibody binds to an antigen and inaeti- 
vates the antigen, or when many antigens are bound together and are 
inaetivated by many antibodies (figure 19.16^ and b). The ability of 
antibodies to join antigens together is the basis for many elinieal 
tests, such as blood typing because, when enough antigens are bound 
together, they form visible clumps. 

Most of the effeetiveness of antibodies results from indireet 
effeets (figure 19.16c to e). After an antibody has attaehed by its vari- 
able region to an antigen, the eonstant region of the antibody ean 
aetivate other meehanisms that destroy the antigen. For example, the 
eonstant region of antibodies ean aetivate eomplement proteins 
through the elassieal pathway (see figure 19.9). Aetivated eomple- 
ment stimulates inflammation, attraets white blood eells through 
chemotaxis, and lyses baeteria. When an antigen eombines with the 
antibody, the eonstant region triggers a release of inflammatory 


ehemieals from mast eells and basophils. Finally, neutrophils and 
maerophages ean attaeh to the eonstant region of the antibody and 
phagoeytize both the antibody and the antigen. 

52 Deseribe the direet and indireet ways in which antibodies affeet 
antigens. 

Antibody Production 

The production of antibodies after the first exposure to an antigen is 
different from that following a subsequent exposure. The primary 
immune response results from the first exposure of a B eell to an 
antigen (figure 19.17, step 1). When the antigen binds to the antigen- 
binding reeeptor on the B eell, the B eell undergoes several divisions 
to form plasma eells and memory B eells. Plasma eells produce anti- 
bodies. The primary immune response normally takes 3—14 days to 
produce enough antibodies to be effeetive against the antigen. In the 
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1. Primary immune response. The primary immune response 
occurs when a B eell is first aetivated by an antigen. The 
B eell proliferates to form plasma eells and memory B eells. 
The plasma eells produce antibodies. 


2. Seeondary immune response. The seeondary immune 
response occurs when another exposure to the same antigen 
causes the memory B eells to rapidly form plasma eells 
and additional memory B eells. The seeondary immune 
response is faster and produces more antibodies 
than the primary immune response. 


Proeess Figure 19.17 Antibody Production 
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meantime, the individual usually develops disease symptoms because 
the antigen has had time to cause tissue damage. 

Memory B eells are responsible for the seeondary immune 
response, which occurs when the body is exposed to an antigen 
against which it has already produced a primary immune response 
(figure 19.17, step 2). When exposed to the antigen, the memory B 
eells quickly divide to form plasma eells, which rapidly produce anti- 
bodies. The seeondary immune response provides better proteetion 
than the primary immune response for two reasons: (1) The time 
required to start producing antibodies is less (hours to a few days) 
and (2) more plasma eells and antibodies are produced. As a 
consequence, the antigen is quickly destroyed, no disease symptoms 
develop, and the person is immune. 

The memory response also includes the formation of new memory 
B eells, which provide proteetion against additional exposures to a spe- 
eifie antigen. Memory B eells are the basis of long-lasting immunity. 
After destmetion of the antigen, plasma eells die, the antibodies they 
released are degraded, and antibody levels deeline to the point where 
they ean no longer provide adequate proteetion. Memory B eells persist 
for many years, probably for life in some eases. 

53 What are plasma eells and memory B eells, and what are their 
functions? 

54 What are the primary and seeondary immune responses? Why 
doesn't the primary immune response prevent illness but the 
seeondary immune response does? 


Prediet 



One theory for long-lasting immunity assumes that humans are continually ex- 
posed to the disease-causing agent. Explain how such exposure ean produce 
lifelong immunity. 


Cell-Mediated immunìty 

Cell-mediated immunity is primarily a fimetion of cytotoxic T eells. 
It is most effeetive against pathogens that live inside the eells of the 
body. All virnses and some baeteria, fiingi, and parasites are exam- 
ples of intracellular pathogens. Cell-mediated immunity is also 
involved with some allergie reaetions, the eontrol of tumors, and graft 
rejeetions (see “Immune Problems of Oinieal Signifieanee,” p. 596). 

When virnses infeet eells, they direet the eells to make new 
virnses, which are then released and infeet other eells. Thus, eells are 
turned into virus manufacturing plants. While inside eells, virnses 
have a safe haven from antibody-mediated immunity because protein 
antibodies eannot eross the plasma membrane. Killing virus-infected 
eells stops the replieation of the virnses. 

NK eells kill virus-infected eells during the early stage of a viral 
infeetion. Meanwhile, cytotoxic T eells are aetivated, divide, and 
inerease in number to effeetively deal with the virus. 

Aetivation of Cytotoxic T eells 

Only dendritie eells, the most effeetive APCs, provide sufficient 
stimulation to aetivate naive cytotoxic T eells. For example, den- 
dritie eells acquire viral antigen by being infeeted or through 
phagoeytosis of an infeeted eell (figure 19.18, step 1). The antigen 
is proeessed and an MHC elass I molecule presents the proeessed 
antigen to a naive cytotoxic T eell as it circulates through peripheral 


lymphatie tissue (figure 19.18, step 2). Only the cytotoxic T eells 
with T-eell reeeptors that are speeifie for the MHC elass I/antigen 
complex respond. To ensure that only cytotoxic T eells respond to 
the MHC elass I/antigen complex, a glyeoprotein found on the 
surface of cytotoxic T eells, ealled CD8, must bind to the MHC 
elass I molecule. Cytotoxic T eells are sometimes referred to as 
CD8 eells or T8 eells because they are the only T eells with CD8 
molecules. In addition to antigen reeognition (signal 1), costimula- 
tion occurs when B7 eombines with CD28 (signal 2) (figure 19.18, 
step 3). The cytotoxic T eell responds to antigen presented by the 
MHC molecule and costimulation by producing the eytokine 
interleukin-2 and interleukin-2 reeeptors (figure 19.18, step 4). 
Interleukin-2 binds to the reeeptors and stimulates the cytotoxic 
T eell to divide and differentiate (figure 19.18, step 5). The eyto- 
toxic T eell divides to produce two daughter eells that divide, and 
so on, resulting in an inereased number of cytotoxic T eells (not 
shown in figure 19.18). A small pereentage of these T eells are 
memory T eells, which ean produce a seeondary immune response, 
resulting in long-lasting immunity (figure 19.18, step 6). Most of 
the T eells are fiilly fimetional cytotoxic T eells that are eapable of 
killing infeeted eells (figure 19.18, step 7). 

Stimulation by dendritie eells alone ean be insufficient to 
aetivate naive cytotoxic T eells. Helper T eells ean provide assis- 
tanee when they reeognize antigens displayed by the same den- 
dritie eell that is aetivating the cytotoxic T eell (figure 19.18, 
step 8). The helper T eell binds to an MHC elass II/antigen eom- 
plex and stimulates the dendritie eell to express more B7 mole- 
cules, which promotes costimulation, and seeretes interleukin-2, 
which promotes cytotoxic T eell proliferation and differentiation 
(figure 19.18, step 9). 

Effeets of Cytotoxic T eells 

Cytotoxic T eells are seleetive and serial killers of target eells, caus- 
ing them to undergo apoptosis. A cytotoxic T eell reeognizes a 
target eell infeeted with intracellular pathogens through its T-eell 
reeeptor, which binds to proeessed intracellular antigen presented 
by the MHC elass I molecules of the target eell (figure 19.19). 
Because of antigen/reeeptor speeifieity, the cytotoxicT eell attaeks 
infeeted eells, leaving healthy eells alone. The cytotoxic T eell 
releases perforin and granzymes onto the surface of the infeeted 
eell. Perforin, which is similar to the eomplement protein C9 (see 
figure 19.9), forms a ehannel in the plasma membrane of the tar- 
get eell. The granzymes enter the eell through the ehannel and 
aetivate enzymes that cause the eell to undergo apoptosis. As the 
target eell starts to die, the cytotoxic T eell releases from the target 
eell, moves to another target eell, and attaehes. Thus, cytotoxic T 
eells ean kill many target eells in succession. 

Cytotoxic T eells release eytokines that promote inflammation 
and the destmetion of pathogens by maerophages (interferon II). 

55 Cell-mediated immunity is effeetive against what kinds of antigens? 

56 Deseribe the aetivation of cytotoxicT eells by dendritie eells. How do 
helperT eells assist in this aetivation? 

57 How is long-lasting immunity aehieved in eell-mediated immunity? 

58 How do cytotoxicT eells induce apoptosis in target eells? 

59 What effeets are produced by eytokines seereted by cytotoxic 
T eells? 
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1. Adentritie eell acquires vimses 
by being infeeted or through 
phagoeytosis of infeeted eells. 
Viral antigens are proeessed. 

2. The proeessed antigen is bound 
to an MHC elass I molecule, 
which presents the proeessed 
antigen to a T-eell reeeptor of a 
naive cytotoxic T eell. CD8 
attaehes to the MHC elass I 
molecule. 

3. B7/CD28 provides costimulation 
of the cytotoxic T eell. 

4. The aetivated cytotoxic T eell 
produces interleukin-2 reeeptors 
and seeretes interleukin-2, 
which binds to the interleukin-2 
reeeptors. 

5. lnterleukin-2 stimulates the 
cytotoxic T eell to divide and 
differentiate. Many divisions 
(not shown) inerease the 
number of T eells. 

6. The aetivated cytotoxic T eell 
gives rise to memory T eells, 
which provide long-lasting 
immunity. 

7. The aetivated cytotoxic T eell 
gives rise to functional cytotoxic 
T eells that kill eells harboring 
the virus. 

8. HelperT eells ean assist 
cytotoxicT eell aetivation. They 
reeognize antigen presented by 
the dendritie eell. 

9. The helper T eell stimulates 
inereased B7 expression by the 
dendritie eell and seeretes 
interleukin-2. 
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Proeess Figure 19.18 Proliferation of Cytotoxic T eells 
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on the surface of a eell 
(see figure 19.18) 
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Figure 19.19 Stimulation and Effeets of Cytotoxic T eells 

Naive cytotoxicT eells are stimulated to produce many aetivated cytotoxicT eells and a few memoryT eells.The cytotoxicT eells attaeh to target eells, such as virus- 
infeeted eells, tumor eells, or transplanted eells, and stimulate the target eell to eommit suicide by apoptosis. CytotoxicT eells also release eytokines that promote 
inflammation and phagoeytosis by maerophages.The memoryT eells are responsibleforthe seeondary immune response. 
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In patients with acquired immunodeficiency syndrome (AIDS), helperT eells 
are destroyed by a viral infeetion. The patients ean die of pneumonia caused by 
an intracellular fungus (Pneiimoeystis earinii) or from Kaposi sareoma, which 
eonsists of tumorous growths in the skin and lymph nodes. Explain what is 
happening. 


Immime interaetions 

The eategories of innate immunity, antibody-mediated immunity, 
and eell-mediated immunity are artifieial divisions used to emphasize 
particular aspeets of immunity. Immune responses often involve 
eomponents of more than one eategory of immunity (figure 19.20). 
For example, although adaptive immunity ean reeognize and remem- 
ber speeifie antigens, onee reeognition has occurred, many of the 
events that lead to the destmetion of the antigen are innate immu- 
nity aetivities, such as inflammation and phagoeytosis. 

60 Deseribe how interaetions among innate immunity, antibody- 
mediated immunity, and eell-mediated immunity ean eliminate 
an antigen. 

19.6 lmmunological Toleranee 

Immunological toleranee is a state of unresponsiveness of lympho- 
eytes to a speeifie antigen. The most important function of immu- 
nologieal toleranee is to prevent adaptive immunity from responding 
to self-antigens. The need to maintain immunological toleranee and 
to avoid the development of autoimmune disease is obvious. If 
immunological toleranee could be manipulated, it could allow 
organ and stem eell transplantation from donors genetieally differ- 
ent than the reeipient. 

The two types of immunological toleranee are eentral toleranee 
and peripheral toleranee. Central toleranee occurs when developing 
lymphoeytes in eentral lymphatie tissue (red bone marrow and the 
thymus) encounter self-antigens and are eliminated by negative selee- 
tion (see “Origin and Maturation of Lymphoeytes,” p. 584). 
Lymphoeytes that eseape negative seleetion are eontrolled through 
peripheral toleranee. 

Peripheral toleranee develops when mature lymphoeytes 
encounter self-antigens in peripheral lymphatie tissues. Peripheral 
toleranee results from anergy and regulatory T eells. Anergy 
(an'er-jé), which means without working, is a eondition of inae- 
tivity in which a B eell or T eell does not respond to an antigen. 
Anergy develops when an MHC/antigen complex binds to an 
antigen reeeptor and no costimulation occurs. Unstimulated 
antigen-presenting eells are in a resting state in which they eon- 
tinually display self antigens, but display few or no costimulators, 
such as B7 (see figure 19.13). When a T eell speeifie for a self- 
antigen encounters that self-antigen on the MHC/antigen eom- 
plex of an antigen-presenting eell, it reeeives the antigen signal, 
but no costimulation signal. The T eell enters a state of anergy, 
which prevents an adaptive immune response because adaptive 
immunity begins with the aetivation of T eells. 

Regulatory T eells are a type of helper T eell. During the 
negative seleetion proeess in the thymus, these eells do not die. 


Instead, they move from the thymus to peripheral tissues where they 
have the ability to reeognize self-antigens on antigen-presenting 
eells. In response to self-antigens, the regulatoryT eells seerete eyto- 
kines that inhibit the development of cytotoxic T eells speeifie for 
the same self-antigens. 

61 Distinguish between eentral and peripheral toleranee, and explain 
howthey develop. 

19.7 lmmunotherapy 

Knowledge of the basie ways that immunity operates has produced 
two fiandamental benefits: (1) an understanding of the cause and 
progression of many diseases and (2) the development or proposed 
development of effeetive methods to prevent, stop, or even reverse 
diseases. 

Immunotherapy treats disease by altering immune fimetion or 
by direetly attaeking harmful eells. Some approaehes attempt to 
boost immune fianetions in general. For example, administering 
eytokines or other agents ean promote inflammation and the aetiva- 
tion of immune eells, which ean help in the destmetion of tumor 
eells. On the other hand, sometimes inhibiting immunity is helpfial. 
For example, multiple selerosis is an autoimmune disease in which 
adaptive immunity treats self-antigens as foreign antigens, thereby 
destroying the myelin that eovers axons. Interferon beta (IFN-(3) 
bloeks the expression of MHC molecules that display self-antigens 
and is used to treat multiple selerosis. 

Some immunotherapy takes a more speeifie approaeh. For 
example, vaeeination ean prevent many diseases (see “Acquired 
Immunity,” p. 598). The ability to produce monoelonal antibodies 
may result in therapies that are effeetive for treating rnmors. If an 
antigen unique to tumor eells ean be found, then monoelonal 
antibodies could be used to deliver radioaetive isotopes, drugs, 
toxins, enzymes, or eytokines that ean kill the tumor eell or ean 
aetivate adaptive immunity to kill the eell. Unfortunately, no anti- 
gen on tumor eells has been found that is not also found on nor- 
mal eells. Nonetheless, this approaeh may be useful if damage to 
normal eells is minimal. 

One problem with monoelonal antibody delivery systems is 
that adaptive immunity reeognizes the monoelonal antibody as a 
foreign antigen. After the first exposure, a memory response 
quickly destroys the monoelonal antibodies, rendering the treat- 
ment ineffeetive. In a proeess ealled humanization, the monoelo- 
nal antibodies are modified to resemble human antibodies. This 
approaeh has allowed monoelonal antibodies to sneak past adap- 
tive immunity. 

The use of monoelonal antibodies to treat tumors is mostly in 
the researeh stage of development, but a few elinieal trials are now 
yielding promising results. For example, monoelonal antibodies 
with radioaetive iodine (1311) have caused the regression of 
B-eell lymphomas and have produced few side effeets. Hereeptin is a 
monoelonal antibody that binds to a growth faetor reeeptor that is 
overexpressed in 25%—30% of primary breast eaneers. The antibod- 
ies “tag” eaneer eells, which are then eliminated by narnral killer eells. 
Hereeptin slows disease progression and inereases survival time, but 
it is not a cure for breast eaneer. 
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naive cytotoxic T eell 
(see figure 19.18). 
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Antibody-mediated immiinity 

Antibodies aet against antigens in solution 
or on the surfaces of extracellular 
mieroorganisms. 


Cell-mediated immunity 

Cytotoxic T eells aet against antigens bound to MHC 
molecules on the surface of eells; effeetive against 
intracellular mieroorganisms, tumors, and 
transplanted eells. 


Figlire 19.20 Immiine interaetions 

The major interaetions and responses of innate and adaptive immunity to a pathogen. 
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Relevanee 


lmmune Problems of eiinieal Signifieanee 


Allergy 

An allergy, or hypersensitivity reae- 
tion, is a harmful response to an antigen 
that does not stimulate an adaptive immune 
response in most people. Immune and aller- 
gie reaetions involve the same meehanisms, 
and the differenees betvveen them are 
unclear. Both require exposure to an anti- 
gen and stimulation of antibody-mediated 
or eell-mediated immunity. If imrrmnity to 
the antigen is established, later exposure to 
the antigen results in an immune response 
that eliminates the antigen, and no symp- 
toms appear. In allergie reaetions, the anti- 
gen is ealled the allergen (al'er-jen, allergy + 
-gen, producing), and later exposure to the 
allergen stimulates much the same pro- 
eesses that occur during a normal immune 
response. The proeesses that eliminate the 
allergen, hovvever, also produce undesirable 
side effeets such as a strong inflammatory 
reaetion, vvhieh ean be more harmful than 
benefìeial. 

Immediate hypersensitivities produce 
symptoms vvithin a fevv minutes of exposure 
to the allergen and are caused by antibodies. 
The reaetion takes plaee rapidly because IgE 
antibodies are already present because of 
prior exposure to the allergen. For example, 
in people vvith hay fever, the allergens, usu- 
ally plant pollens, are inhaled and absorbed 
through the respiratory mucous membrane. 
The eombination of the allergen vvith IgE 
stimulates mast eells to release inflammatory 
ehemieals, such as histamine (see fìgure 
19.16c/).The resulting loealized inflammatory 
response produces svvelling and 
mucus production. In asthma (az'mà), result- 
ing from an allergie reaetion, the allergen 
eombines vvith antibodies on mast eells or 
basophils in the lungs. As a result, these eells 
release inflammatory ehemieals, such as leu- 
kotrienes and histamine.The ehemieals cause 
eonstrietion of smooth muscle in the vvalls of 
the tubes that transport air throughout the 
lungs. Consequently, less air fìovvs into and 
out of the lungs, and the patient has diffìculty 
breathing. Urticaria (er'ti-kar'i-à, to burn), or 
hives, is a skin rash or loealized svvelling that 
ean be caused by an ingested allergen. Ana- 
phylaxis (an'à-fí-lak'sis, an'à-fì-lak'sis, ana, 


avvay from + phylaxis, proteetion) is a sys- 
temie allergie reaetion, often resulting from 
inseet stings or drugs, such as penieillin.The 
ehemieals released from mast eells and baso- 
phils cause systemie vasodilation, inereased 
vascular permeability, a drop in blood pres- 
sure, and possibly death. Transfusion reae- 
tions and hemolytie disease of the nevvborn 
(see ehapter 16) are also examples of imme- 
diate hypersensitivity reaetions. 

Delayed hypersensitivities take hours to 
days to develop and are caused by T eells. It 
takes some time for this reaetion to develop 
because it takes time for the T eells to move 
by chemotaxis to the allergen. It also takes 
time for the T eells to release eytokines that 
attraet other immune eells involved vvith 
producing inflammation.The most eommon 
type of delayed hypersensitivity reaetions 
result from eontaet of an allergen vvith the 
skin or mucous membranes. For example, 
poison ivy, poison oak, soaps, eosmeties, and 
drugs ean cause a delayed hypersensitivity 
reaetion.The allergen is absorbed by epithe- 
lial eells, vvhieh are then destroyed by T eells, 
causing inflammation and tissue destmetion. 
Although itehing ean be intense, seratehing 
is harmful because it damages tissues and 
causes additional inflammation. 


Autoimmune Disease 

In autoimmune disease, adaptive immunity 
ineorreetly treats self-antigens as foreign 
antigens. Autoimmune disease operates 
through the same meehanisms as hypersen- 
sitivity reaetions except that self-antigens 
and IgM or IgG antibodies are involved. 
Examples of autoimmune diseases are 
thromboeytopenia, lupus erythematosus, 
rheumatoid arthritis, rheumatic fever, diabe- 
tes mellitus (type I), and myasthenia gravis. 


lmmunodefìciency 

lmmunodefìciency is a failure of some part of 
imnrmnity to function properly. It ean be eon- 
genital (present at birth) or acquired. Con- 
genital immunodefìciencies usually involve 
failure of the fetus to form adequate num- 
bers of B eells, T eells, or both. Severe eom- 
bined immunodefìciency (SCID), in vvhieh 
both B eells and T eells fail to form, is proba- 


bly the best knovvn. Llnlessthe person suffer- 
ing from SCID is kept in a sterile environment 
or is provided vvith a eompatible bone mar- 
rovv transplant, death from infeetion results. 

Acquired imrrmnodefìeieney ean result 
from many different causes. For example, 
inadequate protein in the diet inhibits pro- 
tein synthesis and, therefore, antibody levels 
deerease. Immunity ean be depressed as a 
result of stress, illness, or drugs, such as those 
used to prevent graft rejeetion. Diseases 
such as leukemia cause an overproduction of 
lymphoeytes that do not function properly. 

Acquired immunodefìciency syn- 
drome (AIDS) is a life-threatening disease 
caused by the human immunodefìciency 
virus (HIV). HIV is transmitted from an 
infeeted to a noninfeeted person in body 
fluids, such as blood, semen, or vaginal 
seeretions. The major methods of transmis- 
sion are through unprotected intimate sex- 
eontaet, vvith eontaminated needles 
used by intravenous drug users, through 
tainted blood products, and from a preg- 
nant vvoman to her fetus. Present evidenee 
indieates that household, sehool, and vvork 
eontaets do not result in transmission. 

HIV infeetion begins vvhen a protein on 
the surface of the virus, ealled gp120, binds 
to a CD4 molecule on the surface of a eell. 
The CD4 molecule is found primarily on 
helperT eells and functions in antigen ree- 
ognition by binding to MHC elass II mole- 
cules. Certain monoeytes, maerophages, 
neurons, and neuroglial eells also have CD4 
molecules. Onee attaehed to the CD4 mole- 
cules, the virus injeets its genetie material 
(RNA) and enzymes into the eell and begins 
to replieate. Copies of the virus are manufac- 
tured using the organelles and materials 
vvithin the eell. Replieated viruses eseape 
from the eell and infeet other eells. 


Follovving infeetion 


HIV, vvithin 


vveeks to 3 months, many patients develop 
mononucleosis-like symptoms, such as fever, 
svveats, fatigue, muscle and joint aehes, head- 
aehe, sore throat, diarrhea, rash, and svvollen 
lymph nodes. Within 1-3 vveeks, these symp- 
toms disappear as the body responds to the 
virus by producing antibodies and aetivating 
cytotoxic T eells that kill HlV-infeeted eells. 
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The immune response is not able to elimi- 
nate HIV eompletely, however, and by about 
6 months a kind of "set point" is aehieved in 
which the virus continues to replieate at a 
low but steady rate. This ehronie stage of 
infeetion lasts, on the average, 8-10 years, 
and the infeeted person feels good and 
exhibits few, if any, symptoms. 

Although helperT eells are infeeted and 
destroyed during the ehronie stage of HIV 
infeetion, the body responds by producing 
large numbers of helper T eells. Nonethe- 
less, over a period of years the HIV numbers 
gradually inerease and helperT eell numbers 
deerease. Normally, approximately 1200 
helperT eells are present per cubic millime- 
ter of blood. An HlV-infeeted person is eon- 
sidered to have AIDS when one or more of 
the following eonditions appear: The helper 
T eell count falls below 200 eells/mm 3 , an 
opportunistic infeetion occurs, or Kaposi 
sareoma develops. 

Opportunistic infeetions involve organ- 
isms that normally do not cause disease 
but ean do so when the imrrmnity is de- 
pressed. Without helper T eells, cytotoxic 
T- and B-eell aetivation is impaired, and 
adaptive resistanee is suppressed. Examples 
of opportunistic infeetions include pneu- 
moeystis (noo-mò-sis'tis) pneumonia (caused 
by an intracellular fungus, Pneumocystis 
earinii), tuberculosis (caused by an intraeel- 
lular bacterium, Myeobaeteriam tuberculosis) f 
syphilis (caused by a sexually transmitted 
bacterium, Treponemapallidum) f eandidiasis 
(kan-di-dVà-sis, a yeast infeetion of the 
mouth or vagina caused by Candida albi- 
eans), and protozoans that cause severe, 
persistent diarrhea. Kaposi sareoma is a type 
of eaneer that produces lesions in the skin, 
lymph nodes, and viseeral organs. Also asso- 
eiated with AIDS are symptoms resulting 
from the effeets of HIV on the nervous sys- 
tem, including motor retardation, behav- 
ioral ehanges, progressive dementia, and 
possibly psyehosis. 

No cure for AIDS has yet been diseov- 
ered. Management of AIDS ean be divided 
into two eategories: (1) the management of 
seeondary infeetions or malignaneies asso- 
eiated with AIDS and (2) the treatment of 


HIV. In order for HIV to replieate, the viral 
RNA is used to make viral DNA, which is 
inserted into the host eell's DNA. The 
inserted viral DNA direets the production of 
new viral RNA and proteins, which are 
assembled to form new HIV. Key steps in the 
replieation of HIV require viral enzymes. 
Reverse transeriptase promotes the for- 
mation of viral DNA from viral RNA, and 
integrase (in'te-gràs) inserts the viral DNA 
into the host eell's DNA. A viral protease 
(pró'tè-às) breaks large viral proteins into 
smaller proteins, which are ineorporated 
into the new HIV. 

Bloeking the aetivity of HIV enzymes ean 
inhibit the replieation of HIV. The first effee- 
tive treatment of AIDS was the drug azido- 
thymidine (AZT) (az'i-dò-thT'mi-dèn), also 
ealled zidovudine (zì-dò'voo-dèn). AZT is a 
reverse transeriptase inhibitor, which pre- 
vents HIVRNAfrom producing viral DNA. AZT 
ean delay the onset of AIDS but does not 
appear to inerease the survival time of AIDS 
patients. However, the number of babies 
who eontraet AIDS from their HlV-infeeted 
mothers ean be dramatieally reduced by giv- 
ing AZT to the mothers during pregnaney 
and to the babies following birth. 

Protease inhibitors are drugs that inter- 
fere with viral proteases. The current treat- 
ment for suppressing HIV replieation is highly 
aetive antiretroviral therapy (HAART).This 
therapy involves the use of drugs from at least 
two elasses of antivirals. Treatment may 
involve the eombination of three drugs, such 
as two reverse transeriptase inhibitors and 
one protease inhibitor. It is less likely that HIV 
will develop resistanee to all three dmgs.This 
strategy has proven very effeetive in reduc- 
ing the death rate from AIDS and partially 
restoring health in some individuals. 

Integrase inhibitors prevent the inser- 
tion of viral DNA into the host eell's DNA. 
Raltegravir (ral-teg'rà-vir) (Isentress) has 
been approved for HIV treatment in eombi- 
nation with other antivirals. Researeh for 
effeetive antiviral drugs continues. 

Another advanee in AIDS treatment is a 
test for measuring viral load, which mea- 
sures the number of viral RNA molecules in a 
milliliter of blood. The actual level of HIV is 


one-half the RNA count because eaeh HIV 
has two RNA strands. Viral load is a good pre- 
dietor of how soon a person will develop 
AIDS. If the viral load is high, the onset of 
AIDS is much sooner than if it is low. It is also 
possible to deteet developing viral resis- 
tanee byan inereasein viral load. In response, 
a ehange in drug dose or type may slow viral 
replieation. Current treatment guidelines are 
to keep viral load below 500 RNA molecules 
per milliliter of blood. 

An effeetive treatment for AIDS is not 
a cure. Even if viral load deereases to the point 
that the virus is undetected in the blood, the 
virus still remains in eells throughout the 
body. The virus may eventually mutate and 
eseape drug suppression.The long-term goal 
for dealing with AIDS is to develop a vae- 
eine that prevents HIV infeetion. 

People with HIV/AIDS ean now live for 
many years because of improved treatment. 
HIV/AIDS is therefore being viewed inereas- 
ingly as a ehronie disease, not as a death 
sentenee. A rrmltidiseiplinary team of occu- 
pational therapists, physieal therapists, nutri- 
tionists/dietieians, psyehologists, infectious 
disease physieians, and others ean work 
together to manage patients with HIV/AIDS 
to help them have a better quality of life. 

Tumor Control 

Aeeording to the eoneept of immiine sur- 
veillanee, the immunity deteets tumor eells 
and destroys them before a tumor ean form. 
T eells, NK eells, and maerophages are 
involved in the destmetion of tumor eells. 
Immune surveillance may exist for some 
forms of eaneer caused by virnses. The 
immune response appears to be direeted 
more against the viruses, however, than 
against tumors in general. Only a few ean- 
eers are known to be caused by vimses in 
humans. For most tumors, the immune 
response may be ineffeetive and too late. 

Transplantation 

The genes that eode for the production of 
the MHC molecules are generally ealled the 

major histoeompatibility complex genes. 

Histoeompatibility refers to the ability of 

continued 
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tissues (histo) to get along (eompat- 
ibility) when tissues are transplanted from 
one individual to another. In humans, the 
MHC genes are often referred to as human 
leukocyte antigen (HLA) genes because they 
were first identified in leukocytes. There are 
millions of possible eombinations of the HLA 
genes, and it is very rare for two individuals 
(except identieal twins) to have the same set 
of HLA genes. The eloser the relationship 
between two individuals, the greater the 
likelihood of sharing the same HLA genes. 

Adaptive immunity ean distinguish 
between self- and foreign eells because self- 
eells have self-HLAs, whereas foreign eells 



lmmune Problems of eiinieal Signifieanee ( eontiniied) 



have foreign HLAs. Rejeetion of a graft is 
caused by a normal immune response to 
foreign HLAs. 

Graft rejeetion ean occur in two different 
direetions. In host-versus-graft rejeetion, the 
reeipient reeognizes the donor tissue as for- 
eign and rejeets the transplant. In a graft- 
versus-host rejeetion, the donor tissue (e.g., 
bone marrow) reeognizes the reeipient's tis- 
sue as foreign and the transplant rejeets the 
reeipient, causing destruction of the reeipi- 
ent's tissue and possibly death. 

To reduce graft rejeetion, a tissue mateh 
is performed. Only tissue with HLAs similar 
to the reeipient's have a ehanee of being 


aeeepted. An exact mateh is possible only 
for a graft from one part to another part of 
the same person, or between identieal 
twins. For all other graft situations, drugs, 
such as eyelosporine (sí-kló-spór'in), that 
suppress immunity must be administered 
throughout the patient's life to prevent 
graft rejeetion. Unfortunately, the person 
then has a drug-produced immunodefi- 
eieney and is more susceptible to infeetions. 



ANATOMY & PHYSIOLOGY 



Many other approaehes for immunotherapy are being studied, 
and the development of treatments is eertain to inerease in the future. 

62 What is immunotherapy? Give examples. 



Neuroendocrine Regulation of lmmunity 

An intriguing possibility for reducing the severity of diseases or 
even curing them is to use neuroendocrine regulation of immunity. 
The nervous system regulates the seeretion of hormones, such as 
eortisol, epinephrine, endorphins, and enkephalins, for which lym- 
phoeytes have reeeptors. For example, eortisol released during times 
of stress inhibits the immune response. In addition, most lymphatie 
tissues reeeive sympathetie innervation. That a neuroendocrine- 
immunity eonneetion exists is elear.The question we need to answer 
is, ean we use this eonneetion to eontrol our own immunotherapy? 


19.8 Acquired lmmun ìty 

It is possible to acquire adaptive immunity in four ways: aetive natu- 
ral, aetive artifieial, passive natural, and passive artifieial immunity 
(figure 19.21). The terms natiiral and artifieial refer to the method of 
exposure. Natural exposure implies that eontaet with an antigen or 
antibody occurs as part of everyday living and is not deliberate. 
Artifieial exposure, also ealled immiinization, is a deliberate intro- 
duction of an antigen or antibody into the body. 

The terms aetive and passive indieate whether an individual is 
direetly responding to the antigen. When an individual is naturally 
or artifieially exposed to an antigen, an adaptive immune response 
ean occur that produces antibodies. This is ealled aetive immunity 
because the individuals own immune response is the cause of the 


immunity. Passive immunity occurs when another person or an 
animal develops antibodies and the antibodies are transferred to a 
nonimmune individual. For example, infants ean acquire antibodies 
from mother’s milk. This is ealled passive immunity because the 
nonimmune individual did not produce the antibodies. 

How long the immunity lasts differs for aetive and passive 
immunity. Aetive immunity ean persist for a few weeks (e.g., eom- 
mon eold) to a lifetime (e.g., whooping cough and polio). Immunity 
ean be long-lasting if enough B or T memory eells are produced and 
persist to respond to later antigen exposure. Passive immunity is not 
long-lasting because the individual does not produce his or her own 
memory eells. Because aetive immunity ean last longer than passive 
immunity, it is the preferred method. Passive immunity is preferred, 
however, when immediate proteetion is needed. 

Aetive Natural immunìty 

Aetive natural immunity results from natural exposure to an anti- 
gen, such as pathogens that stimulate an individuals immune 
response against the antigen. Symptoms of the disease usually 
develop because the person is not immune during the first exposure. 
Interestingly, exposure to an antigen does not ahvays produce symp- 
toms. Many people exposed to the poliomyelitis virus at an early age 
have an immune response and produce poliomyelitis antibodies, yet 
they do not exhibit any disease symptoms. 

Aetive Artifieial lmmun ty 

In aetive artifieial immunity, an antigen is deliberately introduced into 
an individual to stimulate an immune response. This proeess is vaeei- 
nation (vak'si-nà-shun), and the introduced antigen is a vaeeine 
(vak'sén, vak-sèn', vaeeintts , relating to a cow). injeetion of the vae- 
eine is the usual mode of administration. Examples of injeeted vae- 
einations are the DPT injeetion against diphtheria, permssis (whooping 
cough), and tetanus and the MMR injeetion against mumps, measles, 
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Acquired adaptive 
immunity 



Aetive immunity 

Immiinity is provided by the 
individual’s own immune system. 



Natural 

Antigens are introduced 
through natural 
exposure. 


Artifieial 

Antigens are 
deliberately introduced 
in a vaeeine. 


Passive imnrmnity 

lmmunity is transferred from another 
person or an animal. 



Natural 

Antibodies from the mother 
are transferred to her ehild 
aeross the plaeenta or in milk. 


Artifieial 

Antibodies produced by 
another person or an 
animal are injeeted. 


Figlire 19.21 Ways to Acquire Adaptive lmmunity 


and riibella (German measles). Sometimes the vaeeine is ingested, as in 
the oral poliomyelitis vaeeine (OPV). 

The vaeeine usually eonsists of a part of a pathogen, a dead 
pathogen, or a live, altered pathogen. The antigen has been ehanged 
so that it will stimulate an immune response but will not cause the 
symptoms of disease. Aetive artifieial immunity is the preferred 
method of acquiring adaptive immunity because it produces long- 
lasting immunity without disease symptoms. 


Prediet 



ln some eases, a booster shot is used as part of a vaeeination procedure. A 
booster shot is another dose of the original vaeeine given some time after the 
original dose was administered. Why are booster shots given? 


Passive Natural lmmunity 

Passive natural immunity results from the transfer of antibodies 
from a mother to her ehild aeross the plaeenta before birth. During 
her life, the mother has been exposed to many antigens, either natu- 
rally or artifieially, and she has antibodies against many of these 
antigens. These antibodies proteet the mother and the developing 
fetus against disease. Some of the antibodies (IgG) ean eross the 
plaeenta and enter the fetal blood. Following birth, the antibodies 
provide proteetion for the first few months of the baby’s life. 
Eventually, the antibodies are broken down, and the baby must rely 
on his or her own immune response. If the mother nurses her baby, 
antibodies (IgA) in the mother’s milk may also provide some protee- 
tion for the baby. 

Passive Artifieial lmmunity 

Aehieving passive artifieial immunity usually begins with vaeeinating 
an animal, such as a horse. After the animafs immune response to the 
antigen, antibodies (sometimes T eells) are removed from the animal 
and injeeted into the individual requiring immunity. In some eases, a 
human who has developed immunity through natural exposure or vae- 
eination is used as a source of antibodies. Passive artifieial immunity 


provides immediate proteetion for the individual reeeiving the antibod- 
ies and is therefore preferred when time might not be available for the 
individual to develop his or her own aetive immunity. This technique 
provides only temporary immunity, however, because the antibodies are 
used or eliminated by the reeipient. 

Antisemm is the general term used for serum, which is plasma 
minus the elotting faetors, that eontains antibodies responsible for 
passive artifieial immunity. Antisera are available against pathogens 
that cause diseases, such as rabies, hepatitis, and measles; baeterial 
toxins, such as tetanus, diphtheria, and botulism; and venoms from 
poisonous snakes and blaek widow spiders. 

63 Distinguish between natural and artifieial immunity and between 
aetive and passive immunity. 

64 State four general ways of acquiring adaptive immunity. Which two 
providethe longest-lasting immunity? 


19.9 Effeets of Aging on the 

Lymphatie System and 
lmmunity 

Aging appears to have little effeet on the ability of the lymphatie 
system to remove fluid from tissues, absorb fats from the digestive 
traet, or remove defeetive red blood eells from the blood. 

Aging also seems to have little direet effeet on the ability of 
B eells to respond to antigens, and the number of circulating B eells 
remains stable in most individuals. With age, thymie tissue is 
replaeed with adipose tissue, and the ability to produce new, mature 
T eells in the thymus is evenmally lost. Nonetheless, the number of 
T eells remains stable in most individuals due to the replieation (not 
maturation) of T eells in lymphatie tissues. In many individuals, 
however, there is a deereased ability of helper T eells to proliferate in 
response to antigens. Thus, antigen exposure produces fewer helper 
T eells, which results in less stimulation of B eells and effeetorT eells. 
Consequently, both antibody-mediated immunity and eell-mediated 
immunity responses to antigens deerease. 














Effeets of the Lymphatie System 
and lmmunity on Other Systems 

lntegumentary 

System 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Removes excess interstitial fluid 

Skeletal 

System 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Muscular 

System 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Removes excess interstitial fluid 

Nervous 

System 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Endoerine 

System 

Lymph distributes hormones 

Immune eells and ehemieals provide 
proteetion pathogens and promote 
tissue repair by releasing ehemieal 
mediators 

Removes excess interstitial fluid 

Cardiovascular 

System 

The spleen removes damaged red blood 
eells and helps reeyele iron for 
hemoglobin synthesis 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Respiratory 

System 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Digestive 

System 

Carries absorbed fats to blood 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Removes excess interstitial fluid 

llrinary 

System 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Reproductive 

System 

Immune eells and ehemieals provide 
proteetion against pathogens and 
promote tissue repair by releasing 
ehemieal mediators 

Removes excess interstitial fluid 


Effeets of Other Systems on the 
Lymphatie System and lmmunity 

Forms barrier to pathogens 
Dendritie eells deteet foreign substances 


Lymphoeytes are produced in red bone 
marrow 

Lower ribs proteet the spleen 

Skeletal muscle “pump” helps move 
lymph through lymphatie vessels 


The nervous system stimulates and 
inhibits immunity in ways that are not 
well understood 

Thymosin neeessary for immune eell 
(T eell) mamration in the thymus 
Hormones affeet immune eell ffmetions 


Reeeives lymph from tissues 
Moves immune eells and ehemieals to 
sites of infeetion 

Delivers oxygen, nutrients, and hormones 
Removes earbon dioxide, waste products, 
and toxins 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH 
Provides nutrients and water 


Removes waste products 
Helps maintain the body’s pH, ion, 
and water balanee 

Blood-testes barrier isolates and proteets 
sperm eells from adaptive immunity 
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Primary and seeondary immune responses deerease with age. 
More antigen is required to produce a response, the response is 
slower, less antibody is produced, and fewer memory eells result. 
Thus, the ability to resist infeetions and develop immunity deereases. 
It is reeommended that vaeeinations be given well before age 60 
because these deelines are most evident after age 60. Vaeeinations, 
however, ean be benefieial at any age, espeeially if the individual has 
reduced resistanee to infeetion. 

The ability of eell-mediated immunity to resist intracellular patho- 
gens deereases with age. For example, the elderly are more susceptible to 
influenza (flu) and should be vaeeinated every year. Some pathogens 
cause disease but are not eliminated from the body. With age, a deerease 
in immunity ean result in reaetivation of the pathogen. For example, the 
virus that causes chickenpox in ehildren ean remain latent within nerve 

Summary 

19.1 Lymphatie System <p. 570 ) 

The lymphatie system eonsists of lymph, lymphatie vessels, lymphatie 
tissue, lymphatie nodules, lymph nodes, tonsils, the spleen, and the thymus. 

Fmietions of the Lymphatie System 

The lymphatie system maintains fluid balanee in tissues, absorbs fats from 
the small intestine, and defends against pathogens. 

Lymphatie Vessels 

1. Lymphatie vessels earry lymph away from tissues. 

2. Lymphatie eapillaries laek a basement membrane and have loosely 
overlapping epithelial eells. Fluids and other substances easily enter the 
lymphatie eapillary. 

3. Lymphatie eapillaries join to form lymphatie vessels. 

■ Lymphatie vessels have valves that ensure the one-way flow of lymph. 

■ Contraction of lymphatie vessel smooth muscle, skeletal muscle 
aetion, and thoraeie pressure ehanges move the lymph. 

4. Lymph from the right thorax, the upper-right limb, and the right side 
of the head and the neek enters the right subclavian vein (often through 
the right lymphatie duct). 

3. Lymph from the lower limbs, pelvis, and abdomen; the left thorax; the 
upper-left limb; and the left side of the head and the neek enters left 
subclavian vein through the thoraeie duct. 

Lymphatie Tissue and Organs 

1. Lymphatie tissue is reticular eonneetive tissue that eontains 
lymphoeytes and other eells. 

2. Lymphatie tissue ean be surrounded by a capsule (lymph nodes, spleen, 
thymus). 

3. Lymphatie tissue ean be nonencapsulated (difhise lymphatie tissue, 
lymphatie nodules, tonsils). 

4. Difhise lymphatie tissue eonsists of dispersed lymphoeytes and has no 
elear boundaries. 

3. Lymphatie nodules are small aggregates of lymphatie tissue (e.g., Peyer’s 
patehes in the small intestines). 

6. The tonsils 

■ The tonsils are large groups of lymphatie nodules in the oral eavity 
and nasopharynx. 

■ The three groups of tonsils are the palatine, pharyngeal, and lingual 
tonsils. 


eells, even though the disease seems to have disappeared. Later in life, the 
virus ean leave the nerve eells and infeet skin eells, causing painfhl lesions 
known as herpes zoster, or shingles. 

Autoimmune disease occurs when immune responses destroy 
otherwise healthy tissue. There is very little inerease in the number of 
new-onset autoimmune diseases in the elderly. F4owever, the ehronie 
inflammation and immune responses that begin earlier in life have a 
cumulative, damaging effeet. 

65 What effeet does aging have on the major functions of the lymphatie 
system? 

66 Deseribe the effeets of aging on B eells and T eells. Give examples of 
how they affeet antibody-mediated immunity and eell-mediated 
immunity responses. 


7. Lymph nodes 

■ Lymphatie tissue in the node is organized into the cortex and the 
medulla. Lymphatie sinuses extend through the lymphatie tissue. 

■ Substances in lymph are removed by phagoeytosis, or they stimulate 
lymphoeytes (or both). 

■ Lymphoeytes leave the lymph node and circulate to other tissues. 

8. The spleen 

■ The spleen is in the left superior side of the abdomen. 

■ Foreign substances stimulate lymphoeytes in the white pulp. 

■ Foreign substances and defeetive red blood eells are removed from 
the blood by phagoeytes in the red pulp. 

■ The spleen is a limited reservoir for blood. 

9. The thymus 

■ The thymus is a gland in the superior mediastinum and is divided 
into a cortex and a medulla. 

■ Lymphoeytes in the cortex are separated from the blood by 
epithelial eells. 

■ Lymphoeytes produced in the cortex migrate through the medulla, 
enter the blood, and travel to other lymphatie tissues, where they 
ean proliferate. 

Overvievv of the Lymphatie System 

See figure 19.8. 

19.2 lmmunity <p. 570 ) 

1. Immunity is the ability to resist damage from pathogens. 

2. Innate immunity has a general ability to reeognize pathogens and 
responds to them rapidly and in a fixed manner. 

3. Adaptive immunity ean reeognize speeifie pathogens and responds to them 
slowly on first exposure, but more efìieiently on subsequent exposures. 

19.3 lmmune Oells (p. 578 ) 

Cytokines bind to reeeptors on neighboring eells or the eytokine-seereting 
eell to stimulate a response. 

Adaptive lmmunity eells 

1. Antigens are substances that stimulate an adaptive immunity response. 

2. Foreign antigens are not produced by the body, but self-antigens are. 

3. B eells andT eells are responsible for adaptive immunity. 
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innate immunity eells 

1. Pathogen-assoeiated molecular patterns (PAMPs) are molecules 
eommon to groups of pathogens, but are not found in human eells. 

2. Neutrophils are small phagoeytie eells and maerophages are large 
phagoeytie eells. 

3. Neutrophils and maerophages seerete eytokines that reemit other white 
blood eells and release ehemieals that damage pathogens. 

4. Maerophages help initiate adaptive immunity. 

3. Dendritie eells reemit white blood eells, seerete interferons, and help 
initiate adaptive immunity. 

6. Natural killer eells kill virus-infected host eells and tumor eells. 

7. Mast eells reemit white blood eells, promote tissue repair, and release 
inflammatory ehemieals. 

8. Basophils are similar to mast eells and release inflammatory ehemieals. 

9. Eosinophils release proteins that kill multicellular worm parasites and 
contribute to damage in inflammation. 

19.4 innate lmmunity <p. sso) 

1. Epithelial barriers (skin and mucous membranes) prevent the entry of 
pathogens or kill them. 

2. Extracellular pathogens are outside of host eells, whereas intracellular 
pathogens are inside. 

innate Proteetion Against Extracellular Pathogens 

1. Complement ean be aetivated by the alternative, leetin, or elassieal 
pathways. 

2. Complement attraets immune eells, inereases phagoeytosis, promotes 
inflammation, and lyses eells. 

3. The inflammatory response ean be initiated in many ways. 

■ Chemical mediators cause vasodilation and inerease vascular 
permeability, which allows the entry of other ehemieal mediators. 

■ Chemical mediators attraet additional white blood eells. 

■ The amount of ehemieal mediators and white blood eells inereases 
until the cause of the inflammation is destroyed. Then the tissue 
undergoes repair. 

4. Loeal inflammation produces the symptoms of redness, heat, swelling, 
pain, and loss of flmetion. Symptoms of systemie inflammation include 
an inerease in neutrophil numbers, fever, and shoek. 

innate Proteetion Against lntracellular Pathogens 

1. Interferons prevent viral replieation. 

2. NK eells kill virus-infected eells and promote maerophage phagoeytosis. 

19.5 Adaptive lmmunity <p. 584) 

1. B eells are responsible for antibody-mediated immunity, which proteets 
against extracellular pathogens. 

2. T eells are responsible for eell-mediated immunity, which proteets 
against intracellular pathogens. 

Origin and Maturation of Lymphoeytes 

1. B eells and T eells originate in red bone marrow. B eells mature in red 
bone marrow and T eells mature in the thymus. 

2. B eells and T eells move from their maturation sites (eentral lymphatie 
tissue) to peripheral lymphatie tissue. They continually circulate from one 
peripheral lymphatie tissue to another. 

3. Positive seleetion ensures the survival of lymphoeytes that ean reaet 
against antigens, and negative seleetion (apoptosis and reeeptor editing) 
eliminates lymphoeytes that reaet against self-antigens. 

4. The blood-thymus barrier prevents the entry of foreign antigens into 
the thymus. 

3. A elone is a group of identieal lymphoeytes that ean respond to a 
speeifie antigen. 


Antigenie Determinants and Antigen Reeeptors 

1. The antigenie determinant is the speeifie part of the antigen to which 
the lymphoeyte responds. 

2. The antigen reeeptor (T-eell reeeptor or B-eell reeeptor) on the surface 
of lymphoeytes eombines with the antigenie determinant. 

Major Histoeompatibility Complex Molecules 

1. MHC elass I molecules are found on almost all body eells and fimetion 
to present antigens from intracellular pathogens to cytotoxic T eells. 

2. MHC elass II molecules are found on professional antigen-presenting 
eells (dendritie eells, maerophages, and B eells) and fimetion to present 
antigens from extracellular pathogens to helper T eells. 

Naive Lymphoeytes 

1. A naive lymphoeyte is a mature helper T eell, cytotoxic T eell, or B eell 
that has not been exposed to the antigen for which it is speeifie. 

2. Dendritie eells and maerophages present antigens to naive lymphoeytes. 

Aetivation of Helper T eells 

1. MHC elass II/antigen complex, CD4, and costimulation are usually 
neeessary to aetivate naive helper T eells. 

2. Interleukin-2 promotes proliferation and differentiation of helperT eells. 

Antibody-Mediated immunity 

1. Reeeptor-mediated endoeytosis of antigen followed by helper T eell 
stimulation results in aetivation of naive B eells. 

2. Antibodies are proteins. 

■ The variable region of an antibody eombines with the antigen. The 
eonstant region aetivates eomplement or binds to eells. 

■ Five elasses of antibodies exist: IgG, IgM, IgA, IgE, and IgD. 

3. Antibodies aflFeet the antigen in many ways. 

■ Antibodies bind to the antigen and interfere with antigen aetivity or 
bind the antigens together. 

■ Antibodies inerease phagoeytosis by binding to the antigen and to 
maerophages. 

■ Antibodies ean aetivate eomplement through the elassieal pathway. 

■ Antibodies attaeh to mast eells or basophils and cause the release 
of inflammatory ehemieals when the antibody eombines with 
the antigen. 

4. The primary immune response results from the first exposure to an 
antigen. B eells form plasma eells, which produce antibodies and 
memory B eells. 

5. The seeondary immune response results from exposure to an antigen 
after a primary immune response. Memory B eells quickly form plasma 
eells and additional memory B eells. 

Cell-Mediated lmmunity 

1. MHC elass I/antigen complex, CD8, and costimulation, are neeessary 
to aetivate naive cytotoxic T eells. 

2. Interleukin-2 promotes proliferation and diflFerentiation of cytotoxic 
T eells. 

3. HelperT eells promote cytotoxicT eell aetivation through 
costimulation and interleukin-2 seeretion. 

4. When MHC elass I/antigen complexes are presented to T-eell reeeptors 
of aetivated cytotoxic T eells, they divide, producing more cytotoxic T 
eells and memory T eells. 

5. Cytotoxic T eells induce apoptosis in infeeted eells and seerete 
eytokines that promote inflammation and the destmetion of pathogens 
by maerophages. 

lmmune interaetions 

Innate immunity, antibody-mediated immunity, and eell-mediated 
immunity ean fimetion together to eliminate an antigen. 
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19.6 lmmunological Toleranee (p. 594) 

1. Immunological toleranee is suppression of the immune response to an 
antigen. 

2. Central toleranee occurs when developing lymphoeytes in red bone 
marrow and the thymus encounter self-antigens and are eliminated by 
negative seleetion. 

3. Peripheral toleranee develops when mature lymphoeytes encounter 
self-antigens in peripheral tissues and results from anergy and 
regulatoryT eells. 

19.7 lmmunotherapy (p. 594) 

Imnrmnotherapy stimulates or inhibits the immune response to treat diseases. 

19.8 Acquired lmmunity <p. 598) 

Aetive Natural lmmunity 

Aetive natural immunity results from natural exposure to an antigen. 

Aetive Artifieial lmmunity 

Aetive artifieial immunity results from deliberate exposure to an antigen. 


Passive Natural lmmunity 

Passive natural immunity results from the transfer of antibodies from a 
mother to her fetus or baby. 

Passive Artifieial lmmunity 

Passive artifieial immunity results from the transfer of antibodies (or eells) 
from an immune animal to a nonirmrmne animal. 

19.9 Effeets of Ag ng on the Lymphatie 

System and lmmunity <p. 599) 

1. Aging has little efiFeet on the ability of the lymphatie system to remove 
fluid from tissues, absorb fats from the digestive traet, or remove 
defeetive red blood eells from the blood. 

2. Deereased helper T eell proliferation results in deereased antibody- 
mediated immunity and eell-mediated immunity responses to 
antigens. 

3. The primary and seeondary immune responses deerease with age. 

4. The ability to resist intracellular pathogens deereases with age. 


Review and eomprehension 


19.1 Lymphatie System <p. 570) 

1. The lymphatie system 

a. removes excess fluid from tissues. 

b. absorbs fats from the digestive traet. 
e. defends the body against pathogens. 

d. all of the above. 

2. Which of the following statements is true? 

a. Lymphatie vessels do not have valves. 

b. Lymphatie vessels empty into lymph nodes. 

e. Lymph from the right-lower limb passes into the right subclavian 
vein. 

d. Lymph from the thoraeie duct empties into the right subclavian vein. 

e. All of the above are true. 

3. The tonsils 

a. eonsist of large groups of lymphatie nodules. 

b. proteet against baeteria. 

e. ean beeome ehronieally infeeted. 

d. deerease in size in adults. 

e. all of the above. 

4. Lymph nodes 

a. filter lymph. 

b. are where lymphoeytes divide and inerease in number. 
e. eontain a network of reticular fibers. 

d. eontain lymphatie sinuses. 

e. all of the above. 

3. Which of these statements about the spleen is not eorreet? 

a. The spleen has white pulp assoeiated with the arteries. 

b. The spleen has red pulp assoeiated with the veins. 
e. The spleen destroys defeetive red blood eells. 

d. The spleen is surrounded by trabeculae loeated outside the capsule. 

e. The spleen is a limited reservoir for blood. 


6. The thymus 

a. inereases in size in adults. 

b. produces lymphoeytes that move to other lymphatie tissue. 
e. is loeated in the abdominal eavity. 

d. all of the above. 

19.2 lmmunity (p. 570) 

7. Which of the following statements is true? 

a. The adaptive immune response is effeetive against baeteria in 
general. 

b. Immunological memory is a eharaeteristie of innate immunity. 

e. In innate immunity, the response to a seeond exposure to baeteria is 
faster than the response to the first exposure. 

d. Innate irmrmnity is required for the initiation and regulation of the 
adaptive immune response. 

e. All of the above are eorreet. 

19.3 Imrrmne eells (p. 578 ) 

8. Antigens 

a. stimulate an adaptive immunity response. 

b. are molecules eommon to groups of pathogens, but are not found 
in human eells. 

e. are produced by plasma eells. 

d. all of the above. 

9. Maerophages 

a. are usually the first eells to leave the blood and enter infeeted 
tissues. 

b. develop from mast eells. 

e. are permanent residents beneath the free surfaces of the body. 

d. seerete eytokines that inhibit inflammation. 

e. die and accumulate to form pus. 
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10. Dendritie eells 

a. have almost all of the different innate immunity reeeptors. 

b. are phagoeytie eells. 
e. seerete interferons. 

d. aetivate adaptive immunity. 

e. all of the above. 

11. Which of the following statements is true? 

a. Natural killer eells are speeialized to kill extracellular pathogens. 

b. Antibodies attaeh to mast eells, basophils, and eosinophils. 
e. Mast eells circulate in the blood and enter infeeted tissues. 

d. Eosinophils are speeialized to kill intracellular pathogens. 

e. Basophils inhibit inflammation. 

19.4 innate lmmunity <p. sso) 

12. Which of these is an example of innate immunity? 

a. Epithelial barriers prevent the entry of pathogens. 

b. Neutrophils phagoeytize a pathogen. 

e. Natural killer eells kill a virus-infected eell. 

d. The eomplement easeade is aetivated. 

e. All of the above are eorreet. 

13. Which of these eonditions does not occur during the inflammatory 
response? 

a. the release of histamine and other ehemieal mediators 

b. the movement of phagoeytes into infeeted tissues 
e. the entry of fibrinogen into tissues from the blood 

d. the vasoeonstrietion of blood vessels 

e. the inereased permeability of blood vessels 

19.5 Adaptive lmmunity <p. 584) 

14. B eells 

a. are proeessed in the thymus. 

b. originate in red bone marrow. 

e. onee released into the blood remain in the blood. 

d. are responsible for eell-mediated immunity. 

e. all of the above. 

13. MHC molecules 

a. are glyeoproteins. 

b. attaeh to the plasma membrane. 

e. ean bind to foreign and self-antigens. 

d. may form an MHC/antigen complex that aetivates T eells. 

e. all of the above. 

16. Antigen-presenting eells ean 

a. take in foreign antigens. 

b. proeess antigens. 

e. use MHC elass II molecules to display the antigens. 

d. stimulate other immune eells. 

e. all of the above. 

17. Which of these partieipates in costimulation? 

a. B7/C28 

b. eomplement 
e. antibodies 

d. histamine 

e. natural killer eells 

18. HelperT eells 

a. respond to antigens from maerophages. 

b. respond to eytokines from maerophages. 
e. stimulate B eells with eytokines. 

d. all of the above. 


19. The variable region of the antibody molecule 

a. makes the antibody speeifie for a given antigen. 

b. enables the antibody to aetivate eomplement. 

e. enables the antibody to attaeh to basophils and mast eells. 

d. forms the body of the Y-shaped molecule. 

e. all of the above. 

20. The largest pereentage of antibodies in the blood eonsists of 

a. IgA. e. IgE. e. IgM. 

b. IgD. d. IgG. 

21. Antibodies 

a. prevent antigens from binding together. 

b. promote phagoeytosis. 
e. inhibit inflammation. 

d. bloek eomplement aetivation. 

22. The seeondary immune response 

a. is slower than the primary immune response. 

b. produces fewer antibodies than the primary immune response. 

e. prevents disease symptoms from occurring. 

d. occurs because of cytotoxic T eells. 

23. The type of lymphoeyte that is responsible for the seeondary immune 
response is the 

a. memory B eell. e. T eell. 

b. B eell. d. helper T eell. 

24. Antibody-mediated immunity 

a. works best against intracellular antigens. 

b. regulates the aetivity of T eells. 

e. eannot be transferred from one person to another person. 

d. is responsible for immediate hypersensitivity reaetions. 

23. The aetivation of cytotoxicT eells ean result in the 

a. apoptosis of virus-infected eells. 

b. production of eytokines. 

e. production of memoryT eells. 

d. all of the above. 

26. Given the following events of innate, antibody-mediated, and eell 
immunity: 

1. Maerophages present proeessed antigens to helperT eells. 

2. HelperT eells aetivate B eells and cytotoxicT eells. 

3. Antibodies and eytokines are produced. 

4. Inflammation and phagoeytosis cause destruction of antigens. 

Arrange the events in the order they could occur during an immune 
response. 

a. 1,2,3,4 e. 2,3,4,1 e. 3,4,2,1 

b. 2,3,1,4 d. 3,1,2,4 

19.6 lmmunological Toleranee (p. 594 ) 

27. The most important flmetion of immunological toleranee is to 

a. inerease lymphoeyte aetivity. 

b. inerease eomplement aetivation. 

e. prevent adaptive immunity from responding to self-antigens. 

d. prevent an excessive adaptive immunity response to foreign antigens. 

e. proeess antigens. 

19.7 lmmunotherapy (p. 594 ) 

28. Examples of immunotherapy include administering 

a. eytokines or other agents to promote inflammation. 

b. interferon beta (IFN) to bloek the expression of MHC molecules. 
e. Hereeptin (a monoelonal antibody). 

d. monoelonal antibodies with attaehed radioaetive iodine (1311). 

e. all of the above. 
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19.8 Acquired lmmunity (p. 598 ) 

29. In aetive narnral immunity, 

a. a vaeeine is used to stimulate an immune response. 

b. an antisemm is injeeted into a person. 

e. antibodies are transferred from a mother to her fetus aeross the 
plaeenta. 

d. persons exposed to an antigen as part of everyday living develop 
their own immunity against the antigen. 


19.9 Effeets of Agíng on the Lymphate 

System and lmmunity (p. 599) 

30. With age, 

a. the ability of B eells to respond to antigens deereases dramatieally. 

b. the number of T eells deereases dramatieally. 

e. there is a deereased ability of helper T eells to respond to antigens. 

d. there is a large inerease in the number of new-onset autoimmune 
diseases. 

e. all of the above. 

Answers in Appendix E 


eritieal Thinking 


1. If the thymus of an experimental animal is removed immediately after 
its birth, the animal exhibits the following eharaeteristies: (a) It is more 
susceptible to infeetions, (b) it has deereased numbers of lymphoeytes 
in lymphatie tissue, and (e) its ability to rejeet grafts is greatly 
deereased. Explain these observations. 

2. If the thymus of an adult experimental animal is removed, the 
following observations ean be made: (a) No immediate effeet occurs 
and (b) after 1 year the number of lymphoeytes in the blood deereases, 
the ability to rejeet grafts deereases, and the ability to produce 
antibodies deereases. Explain these observations. 

3. Adjuvants are substances that slow but do not stop the release of an 
antigen from an injeetion site into the blood. Suppose injeetion A of a 
eertain amount of antigen is given without an adjuvant and injeetion B 
of the same amount of antigen is given with an adjuvant that causes the 
release of antigen over a period of 2-3 weeks. Does injeetion A or B 
result in the greater amount of antibody production? Explain. 

4. An infant appears to be healthy until about 9 months of age. Then he 
develops severe baeterial infeetions, one after another. Fortunately, the 
infeetions are successfully treated with antibioties. When infeeted with 
the measles and other viral diseases, the infant reeovers without unusual 
difficulty. Explain the different immune responses to these infeetions. 
Why did it take so long for this disorder to beeome apparent? ( Hint: 
Consider IgG.) 

3. A baby is born with severe eombined immunodeficiency disease 
(SCID). In an attempt to save her life, a bone marrow transplant is 
performed. Explain how this procedure might help. Unfortunately, 
there is a graft rejeetion, and the baby dies. Explain what happened. 

6. A patient has many allergie reaetions. As part of the treatment seheme, 
doetors deeide to try to identify the allergen that stimulates the 
patient’s response. A series of solutions, eaeh eontaining an allergen that 


eommonly causes a reaetion, is eomposed. Eaeh soffition is injeeted 
into the skin at different loeations on the patient’s baek. The following 
results are obtained: (a) At one loeation, the injeetion site beeomes red 
and swollen within a few minutes; (b) at another injeetion site, swelling 
and redness appear 2 days later; and (e) no redness or swelling develops 
at the other sites. Explain what happened for eaeh observation by 
deseribing what part of immunity was involved and what caused the 
redness and swelling. 

7. Ivy Effirtt developed a poison ivy rash after a eamping trip. Her doetor 
preseribed a eortisone ointment to relieve the inflammation. A few 
weeks later, Ivy seraped her elbow, which beeame inflamed. Because she 
had some of the eortisone ointment left over, she applied it to the 
serape. Explain why the ointment was or was not a good idea for the 
poison ivy and for the serape. 

8. Suzy Withitt has just had her ears piereed. To her dismay, she finds 
that, when she wears inexpensive (but tasteful) jewelry, by the end of 
the day there is an inflammatory (allergie) reaetion to the metal in 
the jewelry. Is this because of antibodies or eytokines? 

9. Tetanus is caused by baeteria that enter the body through wounds in the 
skin. The baeteria produce a toxin, which causes spastie muscle 
eontraetions. Death often results from the faiffire of the respiration 
muscles. A patient goes to the emergeney room after stepping on a nail. If 
the patient has been vaeeinated against tetanus, the patient is given a 
tetanus booster shot, which eonsists of the toxin altered so that it is 
harmless. If the patient has never been vaeeinated against tetanus, the 
patient is given an antiserum shot against tetanus. Explain the rationale for 
this treatment strategy. Sometimes both a booster and an antisemm shot 
are given, but at different loeations of the body. Explain why this is done 
and why the shots are given in different loeations. 

Answers in Appendix F 


Visit this book's website at www.mhhe.com/tate2 
for praetiee quizzes, interaetive learning exercises, and 
other study tools. 
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System 607 
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4. State three physieal prineiples that determine airflow into and out 
of the lungs, and deseribe the movement of air into and out of the 
alveoli. 

5. Deseribe the role of surfactant and pleural pressure in preventing 
lung eollapse. 

Measurement of Lung Function 622 

6. Defìne eomplianee, and give its signifìeanee. 

7. Defìne the measurements used to determine lung function. 

Gas Exchange in the Lungs 624 

8. Defìne partial pressure of a gas and water vapor pressure. 

9. Deseribe the faetors affeeting the movement of a gas into and out 
of a liquid. 

10. List the eomponents of the respiratory membrane, and explain the 
faetors that affeet gas movement through it. 

Oxygen and earbon Dioxide Transport in 
the Blood 625 

11. Deseribe the movements of oxygen and earbon dioxide in terms of 
partial pressure gradients. 

12. Explain the signifìeanee of the oxygen-hemoglobin dissoeiation 
curve, and illustrate how it is influenced by exercise. 

13. Deseribe how earbon dioxide is transported in the blood, the 
ehloride shift, and how respiration ean affeet blood pH. 

Regulation of ventilation 631 

14. Deseribe the brainstem structures that regulate respiration, and 
explain how rhythmie ventilation is produced. 
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reaeh the alveolar duct. The even smaller spaees around the alveo- 
lar duct are alveoli, which are small ehambers where gas exchange 
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16. Discuss the effeets of training on lung function. 

20.9 Effeets of Aging on the Respiratory System 638 
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lntroduction 

F rom our first breath at birth, the rate and depth of our 

breathing are unconsciously matehed to our aetivities, 
whether studying, sleeping, talking, eating, or exercising. 
We ean voluntarily stop breathing, but within a few seeonds we 
must breathe again. Breathing is so eharaeteristie of life that, 
along with the pulse, it is one of the first things we eheek for to 
determine if an unconscious person is alive. 

Breathing is neeessary because all living eells of the body 
require oxygen and produce earbon dioxide. The respiratory sys- 
tem allows the exchange of these gases between the air and the 
blood, and the cardiovascular system transports them between 
the lungs and the eells of the body. The eapaeity to earry out 
normal aetivity is reduced without healthy respiratory and ear- 
diovascular systems. 

Respiration includes the following proeesses: (1) ventila- 
tion, or breathing, which is the movement of air into and out of 
the lungs; (2) exchange of oxygen and earbon dioxide between 
the air in the lungs and the blood; (3) transport of oxygen and 
earbon dioxide in the blood; and (4) exchange of oxygen and 
earbon dioxide between the blood and the tissues. The term 
respiration is also used in referenee to eell metabolism, which is 
discussed in ehapter 22. 


20.1 Functions of the 

Respiratory System 

Respiration is neeessary because all living eells of the body require 
oxygen and produce earbon dioxide. The respiratory system assists in 
gas exchange and performs other fimetions as well: 

1. Gas exchange. The respiratory system allows oxygen from the air 
to enter the blood and earbon dioxide to leave the blood and 
enter the air. The cardiovascular system transports oxygen from 
the lungs to the eells of the body and earbon dioxide from the 
eells of the body to the lungs. Thus, the respiratory and 
cardiovascular systems work together to supply oxygen to all 
eells and to remove earbon dioxide. 

2. Regnlation ofbloodpH. The respiratory system ean alter blood 
pH by ehanging blood earbon dioxide levels. 

3. Voieeproduction. Air movement past the voeal folds makes 
sound and speeeh possible. 

4. Olfaetion. The sensation of smell occurs when airborne 
molecules are drawn into the nasal eavity. 

3. Proteetion. The respiratory system provides proteetion against 
some mieroorganisms by preventing their entry into the body 
and by removing them from respiratory surfaces. 

1 Deseribe the functions of the respiratory system. 


20.2 Anatomy and Histology of 

the Respiratory System 

The respiratory system eonsists of the external nose, the nasal 
eavity, the pharynx, the larynx, the traehea, the bronehi, and the 
lungs (figure 20.1). Although air frequently passes through the oral 
eavity, it is eonsidered to be part of the digestive system instead of 
the respiratory system. The upper respiratory traet eonsists of the 
external nose, nasal eavity, pharynx, and assoeiated structures, and 
the lower respiratory traet eonsists of the larynx, traehea, bronehi, 
and lungs. These are not offieial anatomieal terms, however, and 
there are several alternate definitions. For example, one alternate 
definition plaees the larynx in the upper respiratory traet. The dia- 
phragm and the muscles of the thoraeie and abdominal walls are 
responsible for respiratory movements. 

2 Defi ne upper respiratory traet a nd \ower respiratory traet. 

Nose 

The nasus (na sus), or nose, eonsists of the external nose and the 
nasal eavity. The external nose is the visible structure that forms a 
prominent feature of the faee. The largest part of the external nose is 
eomposed of hyaline eartilage plates, and the bridge of the nose eon- 
sists of bones (see figure 7.9b). 

The nasal eavity extends from the nares to the ehoanae (fig- 
ure 20.2). The nares (na res, sing. naris), or nostrils, are the external 
openings of the nasal eavity and the ehoanae (kò'an-è) are the open- 
ings into the pharynx. The anterior part of the nasal eavity, just inside 
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Figlire 20.1 Respiratory system ;apìr 

The upper respiratory traet eonsists of the external nose, nasal eavity, and 
pharynx (throat).The lower respiratory traet eonsists of the larynx, traehea, 
bronehi, and lungs. 
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Figure 20.2 Nasal eavity and Pharynx ap r 

( a ) Sagittal seetion through the nasal eavity and pharynx. (ò) Photograph of sagittal seetion of the head. 
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eaeh naris, is the vestibule (ves'ti-bool, entry room). The hard pal- 
ate (pal'àt) is a bony plate eovered by a mucous membrane that 
forms the floor of the nasal eavity (see figure 7.9a, p. 156). It sepa- 
rates the nasal eavity from the oral eavity. The nasal septrnn is a 
partition of bone and eartilage dividing the nasal eavity into right 
and left parts (see figure 7.9a, p. 156). A deviated nasal septum 
occurs when the septum bulges to one side. 

Three bony ridges, ealled eonehae (kon'kè, resembling a 
eoneh shell), are present on the lateral walls on eaeh side of the 
nasal eavity. Beneath eaeh eoneha is a passageway ealled a meatus 
(mé-à'tus, a tunnel or passageway). Within the superior and middle 
meatus are openings from the various paranasal sinuses (see fig- 
ure 7.10, p. 157), and the opening of a nasolaerimal (nà-zò-lak'ri- 
màl) duct is within eaeh inferior meatus (see figure 13.5). Sensory 
reeeptors for the sense of smell are found in the superior part of the 
nasal eavity (see figure 13.1, p. 370). 



Sinusitis 


Siniisitis (sT-nij-sT'tis) is an inflammation of the mucous mem- 
brane of any sinus, espeeially of one or more paranasal sinuses. Viral 
infeetions, such as the eommon eold, ean cause mucous membranes 
to beeome inflamed, to swell, and to produce excess mucus. As a 
result, the sinus opening into the nasal eavity ean be partially or 
eompletely bloeked. Mucus accumulates within the sinus, which ean 
promote the development of a baeterial infeetion. Treatments eon- 
sist of taking antibioties and promoting sinus drainage with deeon- 
gestants, hydration, and steam inhalation. Sinusitis ean also result 
from swelling caused by allergies or by polyps that obstmet a sinus 
opening into the nasal eavity. 


Air enters the nasal eavity through the nares. Just inside the 
nares the lining of the vestibule eonsists of skin eontaining eoarse 
hairs. The hairs trap some of the large partieles of dust suspended in 
the air. Most of the nasal eavity is lined with pseudostratified colum- 
nar epithelial eells eontaining eilia and many mucus-producing 
goblet eells (see ehapter 4). Mucus produced by the goblet eells also 
traps debris in the air. The eilia sweep the mucus posteriorly to the 
pharynx, where it is swallowed. As air flows through the nasal eavi- 
ties, it is humidified by moismre from the mucous epithelium and is 
warmed by blood flowing through the superficial eapillary networks 
underlying the mucous epithelium. 

3 Deseribe the structures of the nasal eavity. How is air eleaned, 
humidified, and warmed as it passes through the nasal eavity? 




Explain what happens to your throat when you sleep with your mouth open, 
espeeially when your nasal passages are plugged as a result of having a eold. 
Explain what may happen to your lungs when you run a long way in very eold 
weather while breathing rapidly through your mouth. 


Pharynx 

The pharynx (far'ingks, throat) is the eommon passageway of both 
the digestive and the respiratory systems. It reeeives air from the nasal 
eavity and reeeives air, food, and drink from the oral eavity. Inferiorly, 
the pharynx is eonneeted to the respiratory system at the larynx and 
to the digestive system at the esophagus. The pharynx is divided into 
three regions: the nasopharynx, the oropharynx, and the laryngo- 
pharynx (see figure 20.2). 

The nasopharynx (nà'zò-far'ingks) is loeated posterior to the 
ehoanae and superior to the soft palate, which is an ineomplete 
muscle and eonneetive tissue partition separating the nasopharynx 
from the oropharynx. The uvula (u'vu-là, a grape) is the posterior 
extension of the soft palate. The soft palate prevents swallowed 
materials from entering the nasopharynx and nasal eavity. The 
nasopharynx is lined with a mucous membrane eontaining 
pseudostratified eiliated columnar epithelium with goblet eells. 
Debris-laden mucus from the nasal eavity is moved through the 
nasopharynx and swallowed. Two auditory tubes from the middle 
ears open into the nasopharynx (see figures 13.19 and 20.2 a). Air 
passes through them to equalize air pressure between the atmo- 
sphere and the middle ears. The posterior surface of the nasophar- 
ynx eontains the pharyngeal tonsil, or adenoid (ad'é-noyd), 
which helps defend the body against infeetion (see figure 19.4). 
An enlarged pharyngeal tonsil ean interfere with normal breathing 
and the passage of air through the auditory tubes. 



The Sneeze Reflex 

The sneeze ref1ex dislodges foreign substances from the nasal 
eavity. Sensory reeeptors deteet the foreign substances, and aetion 
potentials are conducted along the trigeminal nerves to the medulla 
oblongata in which the reflex is triggered. During the sneeze reflex, 
the uvula and the soft palate are depressed so that rapidly flowing 
air from the lungs is direeted primarily through the nasal passages, 
although a eonsiderable amount passes through the oral eavity. 

Some people have a photie sneeze reflex, in which exposure to 
bright light, such as the sun, ean stirrmlate a sneeze reflex.The pupil- 
lary reflex causes the pupils to eonstriet in response to bright light. It 
is speculated that the eomplieated "wiring" of the pupillary and 
sneeze reflexes is intermixed in some people so that, when bright 
light aetivates a pupillary reflex, it also aetivates a sneeze reflex. 


The oropharynx (òr'ò-far'ingks) extends from the soft palate to 
the epiglottis, and the oral eavity opens into the oropharynx. Thus, 
air, food, and drink all pass through the oropharynx. Moist stratified 
squamous epithelium lines the oropharynx and proteets it against 
abrasion. The palatine (pal'à-tln) tonsils are loeated in the lateral 
walls near the border of the oral eavity and the oropharynx. The 
lingual tonsil is loeated on the surface of the posterior part of the 
tongue (see figure 19.4). 

The laryngopharynx (là-ring'gò-far-ingks) extends from the tip of 
the epiglottis to the esophagus and passes posterior to the larynx. Food 
and drink pass through the laryngopharynx to the esophagus. A small 
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Figlire 20.3 Anatomy of the Larynx A p R 


amount of air is usually swallowed with the food and drink. Swallowing 
too much air ean cause excess gas in the stomaeh and belehing. The 
laryngopharynx is lined with moist stratified squamous epithelium. 

4 Name the three parts of the pharynx. With what structures does eaeh 
part eomnrmnieate? 

Larynx 

The larynx (lar'ingks) is loeated in the anterior part of the throat and 
extends from the base of the tongue to the traehea (see figure 20.2 a). 
It is a passageway for air between the pharynx and the traehea. The 
larynx is eonneeted by membranes and/or muscles superiorly to the 
hyoid bone and eonsists of an outer easing of nine eartilages eon- 
neeted to one another by muscles and ligaments (figure 20.3). Three 
of the nine eartilages are unpaired, and six of them form three pairs. 

The largest of the eartilages is the unpaired thyroid (shield, 
refers to the shape of the eartilage) eartilage, or Adam’s apple. The 
most inferior eartilage of the larynx is the unpaired erieoid (kri'koyd, 
ring-shaped) eartilage, which forms the base of the larynx on which 
the other eartilages rest. The third unpaired eartilage is the epiglottis 


(ep-i-glot'is, on the glottis). It is attaehed to the thyroid eartilage and 
projeets superiorly as a free flap toward the tongue. The epiglottis 
differs from the other eartilages in that it eonsists of elastie rather 
than hyaline eartilage. 

The six paired eartilages eonsist of three eartilages on eaeh side 
of the posterior part of the larynx (see figure 20.3^). The superior 
eartilage on eaeh side is the cuneiform (ku'né-i-fòrm, wedge- 
shaped) eartilage, the middle eartilage is the corniculate (kór- 
nik'u-làt, horn-shaped) eartilage, and the inferior eartilage is the 
arytenoid (ar-i-tè'noyd, ladle-shaped) eartilage. 

Two pairs of ligaments extend from the anterior surface of the 
arytenoid eartilages to the posterior surface of the thyroid eartilage. The 
superior ligaments are eovered by a mucous membrane ealled the ves- 
tibular folds, or false voeal eords (see figure 20. 3c and figure 20.4). 

The inferior ligaments are eovered by a mucous membrane ealled 
the voeal folds, or true voeal eords (see figure 20.4). The voeal folds 
and the opening between them are ealled the glottis (glot'is). The 
vestibular folds and the voeal folds are lined with stratified squamous 
epithelium. The remainder of the larynx is lined with pseudostratified 
eiliated columnar epithelium. An inflammation of the mucosal epi- 
thelium of the voeal folds is ealled laryngitis (lar-in-j I' tis). 
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Figure 20.4 vestibiilar voeal Folds 

( a ) Relationship of the vestibular folds to the voeal folds and the laryngeal eartilages. (ò) Laryngoseopie view of the vestibular and voeal folds. (e) Lateral rotation of the 
arytenoid eartilages moves the voeal folds laterally for breathing. Arrovvs show the direetion of movement of the voeal folds. ( d ) Medial rotation of the arytenoid 
eartilages moves the voeal folds medially for speaking. (e) Anterior/posterior movement of the arytenoid eartilages ehanges the length and tension of the voeal folds, 
ehanging the piteh of sounds. 


The larynx prevents the entry of swallowed materials into the 
lower respiratory traet and regulates the passage of air into and out 
of the lower respiratory traet. During swallowing, the epiglottis tips 
posteriorly until it lies below the horizontal plane and eovers the 
opening into the larynx (see a Swallowing,” ehapter 21). Thus, food 
and liquid slide over the epiglottis toward the esophagus. The most 
important event for preventing the entry of materials into the larynx, 
however, is the closure of the vestibular and voeal folds. That is, the 
vestibular folds move medially and eome together, as do the voeal 
folds. The closure of the vestibular and voeal folds ean also prevent 
the passage of air, as when a person holds his or her breath or 
inereases air pressure within the lungs prior to coughing or sneezing. 

The voeal folds are the primary source of sound production. Air 
moving past the voeal folds causes them to vibrate and produce 
sound. The greater the amplitude of the vibration, the louder the 
sound. The foree of air moving past the voeal folds determines the 
amplitude of vibration and the loudness of the sound. The frequency 
of vibrations determines piteh, with higher-frequency vibrations pro- 
ducing higher-pitehed sounds and lower-frequency vibrations pro- 


ducing lower-pitched sounds. Variations in the length of the vibrating 
segments of the voeal folds affeet the frequency of the vibrations. 
Higher-pitehed tones are produced when only the anterior parts of 
the folds vibrate, and progressively lower tones result when longer 
seetions of the folds vibrate. Most males have lower-pitched voiees 
than females because males usually have longer voeal folds. The sound 
produced by the vibrating voeal folds is modified by the tongue, lips, 
teeth, and other structures to form words. A person whose larynx has 
been removed because of eareinoma of the larynx ean produce sound 
by swallowing air and causing the esophagus to vibrate. 

Movement of the arytenoid and other eartilages is eontrolled by 
skeletal muscles, thereby ehanging the position and length of the 
voeal folds. When a person is only breathing, lateral rotation of the 
arytenoid eartilages abducts the voeal folds, which allows greater 
movement of air (see figure 20.4c). Medial rotation of the arytenoid 
eartilages adducts the voeal folds, plaees them in position for produc- 
ing sounds, and ehanges the tension on them (see figure 20 Ad). 
Anterior movement of the arytenoid eartilages deereases the length 
and tension of the voeal folds, lowering piteh. Posterior movement of 
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the arytenoid eartilages inereases the length and tension of the voeal 
folds, inereasing piteh (figure 20.4^). 

5 Name the impaired and paired eartilages of the larynx. 

6 Distinguish betvveen the vestibular and voeal folds. 

7 Hovv is the entry of svvallovved materials into the larynx prevented? 

8 Hovv are sounds of different loudness and piteh produced by the 
voeal folds? 


Traehea 

The traehea (trà'kè-à), or windpipe, is a membranous tube attaehed 
to the larynx (see figure 20.3). The traehea has an inside diameter of 
12 mm and a length of 10—12 em, deseending from the larynx to the 
level of the fifth thoraeie vertebra (figure 20.3). It eonsists of dense 
regular eonneetive tissue and smooth muscle reinforeed with 13—20 
C-shaped pieees of hyaline eartilage. The eartilages support the ante- 
rior and lateral sides of the traehea. They proteet the traehea and 
maintain an open passageway for air. The posterior wall of the traehea 
is devoid of eartilage; it eontains an elastie ligamentous membrane 
and bundles of smooth muscle ealled the traehealis (trà'kè-à-lis) 
muscle. The esophagus lies immediately posterior to the eartilage-free 
posterior wall of the traehea. 



The Cough Reflex 

The function of the cough reflex is to dislodge foreign substances 
from the traehea. Sensory reeeptors deteet the foreign substances, 
and aetion potentials are conducted along the vagus nerves to the 
medulla oblongata in which the cough reflex is triggered. During 
coughing, eontraetion of traehealis muscle deereases the diameter of 
the traehea. As a result, air moves rapidly through the traehea, which 
helps expel mucus and foreign substances. Also, the uvula and soft 
palate are elevated so that air passes primarily through the oral eavity. 


Prediet 



Explain what happens to the shape of the traehea when a person swallows a 
large mouthful of food. Why is this ehange of shape advantageous? 


The mucous membrane lining the traehea eonsists of pseu- 
dostratified eiliated columnar epithelium with numerous goblet eells. 
The goblet eells produce mucus, which traps inhaled foreign parti- 
eles. The eilia move the mucus and foreign partieles into the larynx, 
from which they enter the pharynx and are swallowed. Constant, 
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Figlire 20.5 Anatomy of the Traeheobronehial Tree and Lungs 

Drawing ofthetraehea and lungs, showing the branehing ofthe bronehi toform the traeheobronehial tree. Eaeh lung is surrounded by a pleural eavity, formed by the 
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long-term irritation to the traehea, such as occurs in smokers, ean 
cause the traeheal epithelium to beeome moist stratified squamous 
epithelium that laeks eilia and goblet eells. Consequently, the normal 
fimetion of the traeheal epithelium is lost. 

Establishing Airflow 

ln eases of extreme emergeney when the upper air passageway is 
bloeked by a foreign objeet to the extent that the vietim eannot 
breathe, quick reaetion is required to save the person's life. An 
abdominal thrust, or the Heimlieh maneuver, is designed to foree 
objeets out of the air passage by the sudden applieation of pressure 
to the abdomen. The person who performs the maneuver stands 
behind the vietim, with his or her arms under the vietim's arms and 
hands over the vietim's abdomen between the navel and the rib 
eage. With one hand formed into a fìst and the other hand over it, 
both hands are suddenly pulled toward the abdomen with an 
aeeompanying upward motion. This maneuver, if done properly, 
forees air up the traehea and dislodges most foreign objeets. 

There are other ways to establish airflow, but they should be 
performed only by trained medieal personnel. lntubation is the 
insertion of a tube into an opening, a eanal, or a hollow organ. A 
tube ean be passed through the mouth or nose into the pharynx and 
then through the larynx to the traehea. 

Sometimes it is neeessary to make an opening through which to 
pass the tube. The preferred point of entry in emergeney eases is 
through the membrane between the erieoid and thyroid eartilages, a 
procedure referred to as a erieothyrotomy (kri'kò-thl-rot'ò-mè). 

A traeheostomy (trà'-kè-os'tò-mè, traeheo- + stoma, mouth) is 
an operation to make an opening into the traehea, usually between 
the seeond and third eartilage rings. Usually, the opening is intended 
to be permanent, and a tube is inserted into the traehea to allow air- 
flow and provide a way to remove seeretions. The term traeheotomy 
(trà-kè-ot'ò-mè, traeheo- + tome , ineision) refers to the actual cutting 
into the traehea. Sometimes the terms traeheostomy and traeheotomy 
are used interehangeably. It is not advisable to enter the air passage- 
way through the traehea in emergeney eases because arteries, nerves, 
and the thyroid gland overlie the anterior surface of the traehea. 


Main Bronehi 

Tfie traehea divides to form two smaller tubes ealled main, or primary, 
bronehi (brong'kl, sing. bronchus, brong'kfis, windpipe), eaeh of 
which extends to a lung (see figure 20.5). The most inferior traeheal 
eartilage forms a ridge ealled the earina (kà-rl'nà), which separates the 
openings into the main bronehi. The earina is an important radiologi- 
eal landmark. In addition, the mucous membrane of the earina is very 
sensitive to meehanieal stimulation, and materials reaehing the earina 
stimulate a powerful cough reflex. Materials in the air passageways 
inferior to the earina do not usually stimulate a cough reflex. 

The left main bronchus is more horizontal than the right main 
bronchus because it is displaeed by the heart (see figure 20.5). 
Foreign objeets that enter the traehea usually lodge in the right main 
bronchus, because it is more vertieal than the left main bronchus and 
therefore more in direet line with the traehea. 


Lungs and the Traeheobroneh al Tree 

The lungs are the prineipal organs of respiration. Eaeh lung is eone- 
shaped, with its base resting on the diaphragm and its apex extending 
superiorly to a point about 2.5 em above the elaviele (figure 20.6). 
The right lung has three lobes ealled the superior, middle, and infe- 
rior lobes. The left lung has two lobes ealled the superior and inferior 
lobes. The lobes of the lungs are separated by deep, prominent fis- 
sures on the surface of the lung. Eaeh lobe is divided into broneho- 
pulmonary segments separated from one another by eonneetive 
tissue septa, but these separations are not visible as surface fissures. 
Individual diseased bronchopulmonary segments ean be surgically 
removed, leaving the rest of the lung relatively intaet, because major 
blood vessels and bronehi do not eross the septa. There are 9 bron- 
chopulmonary segments in the left lung and 10 in the right lung. 

The main bronehi braneh many times to form the traeheobron- 
ehial (trà'ké-ò-brong'kè-àl) tree (see figure 20.5). Eaeh main bron- 
chus divides into lobar bronehi as they enter their respeetive lungs 
(see figure 20.6). The lobar (seeondary) bronehi, two in the left 
lung and three in the right lung, conduct air to eaeh lobe. The lobar 
bronehi in turn give rise to segmental (tertiary) bronehi, which 
extend to the bronchopulmonary segments of the lungs. The bronehi 
continue to braneh many times, finally giving rise to bronehioles 
(brong'ké-òlz), which subdivide numerous times to give rise to 
terminal bronehioles. There are approximately 16 generations of 
branehing from the traehea to the terminal bronehioles. 

The terminal bronehioles divide to form respiratory bronehioles 
(figure 20.7), which have a few attaehed alveoli. Alveoli (al-vè'ò-ll, 
hollow eavity) are small, air-filled ehambers where gas exchange 
between the air and blood takes plaee. There are approximately 300 
million alveoli in the two lungs. As the respiratory bronehioles divide 
to form smaller respiratory bronehioles, the number of attaehed 
alveoli inereases. The respiratory bronehioles give rise to alveolar 
(al-vè'ò-làr) ducts, which are like long, branehing hallways with 
many open doorways. The a doorways” open into alveoli, which 
beeome so numerous that the alveolar duct wall is little more than a 
succession of alveoli. Approximately seven generations of branehing 
occur from the terminal bronehioles to the alveolar ducts. 

Two types of eells form the alveolar wall (figure 20.8a). Type I 
pneumocytes are thin squamous epithelial eells that form 90% of 
the alveolar surface. Most gas exchange between alveolar air and the 
blood takes plaee through these eells. Type II pneumocytes are 
round or cube-shaped seeretory eells that produce surfactant, which 
makes it easier for the alveoli to expand during inspiration (see a Lung 
Reeoil,” p. 619). The tissue surrounding the alveoli eontains elastie 
fibers, which allow the alveoli to expand during inspiration and reeoil 
during expiration (see figure 20.7). 

As the air passageways of the lungs beeome smaller, the structure of 
their walls ehanges. The amount of eartilage deereases and the amount of 
smooth muscle inereases, until at the terminal bronehioles the walls have 
a prominent smooth muscle layer, but no eartilage. Relaxation and eon- 
traetion of the smooth muscle within the bronehi and bronehioles ean 
ehange the diameter of the air passageways. For example, during exercise 
the diameter ean inerease, thus inereasing the volume of air moved. 

As the air passageways of the lungs beeome smaller, the lining of 
their walls also ehanges. The lining ehanges from pseudostratified 
eiliated columnar epithelium in the traehea and bronehi to eiliated 
simple cuboidal epithelium in the terminal bronehioles. This eiliated 
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Figure 20.7 Bronehioles and Alveoli 

A terminal bronehiole branehes to form respiratory bronehioles, which give rise to alveolar ducts. Alveoli eonneet to the alveolar ducts and respiratory bronehioles. 
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epithelium is a mucus—eilia esealator that traps debris in the air and 
removes it from the respiratory system. The respiratory bronehioles 
have a simple cuboidal epithelium, and the alveolar ducts and alveoli 
eonsist of simple squamous epithelium, which faeilitates the diffusion 
of gases. Although this epithelium is not eiliated, debris from the air 
is removed by maerophages that move over the surfaces of the eells. 

9 Distinguish among a lung, a lung lobe, and a bronchopulmonary 
segment. How are they related to the branehes of the 
traeheobronehial tree? 

10 Name the two types ofeells in the alveolar wall, and state their functions. 

11 Deseribe the arrangement of eartilage and smooth muscle in the 
traeheobronehial tree. 

12 Deseribe the epithelium of the traeheobronehial tree. How is debris 
removed from the traeheobronehial tree? 


Prediet 



Based on function, the respiratory passageways ean be subdivided into the 
conducting and respiratory zones.The conducting zone functions as a pas- 
sageway for the exchange of air with the outside of the body, and the respira- 
tory zone is where gas exchange between the air and blood takes plaee. Name 
in order the parts of the conducting and respiratory zones, starting with the 
nose and ending with the alveoli. 


Respiratory Membrane 

The respiratory membrane of the lungs is where gas exchange between 
the air and blood takes plaee. It is formed mainly by the alveolar walls 
and surrounding pulmonary eapillaries (figure 20.8£), but there is some 
contribution by the respiratory bronehioles and alveolar ducts. The 
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Figure 20.8 Alveolus and the Respiratory 

Membrane apir, 

(a) Seetion of an alveolus, showing the air-filled interior and thin walls 
eomposed of simple squamous epithelium.The alveolus is surrounded by 
elastie eonneetive tissue and blood eapillaries. (b) Diffusion of oxygen and 
earbon dioxide aeross the six thin layers of the respiratory membrane. 
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Relevanee 


Asthma (az'mà) is a disease eharae- 
terized by abnormally inereased eonstrie- 
tion of the bronehi and bronehioles in 
response to various stimuli, resulting in a 
narrovving of the air passagevvays and 
deereased ventilation effieieney. Symptoms 
include rapid, shallovv breathing; vvheez- 
ing; coughing; and shortness of breath. In 
eontrast to many other respiratory disor- 
ders, hovvever, the symptoms of asthma 
typieally reverse either spontaneously or 
vvith therapy. 

The exact cause or causes of asthma are 
unknown, but asthma and allergies are 
more eommon in some families. Multiple 
genes contribute to a person's susceptibility 
to asthma; genes on ehromosomes 5, 6, 11, 
12, and 14 have all been linked to asthma. 
Although no definitive pathologieal feature 
or diagnostie test for asthma has yet been 
diseovered, three important features of the 
disease are ehronie airway infìammation, 
airway hyperreaetivity, and airflow obstrne- 
tion. The infìammatory response results in 
tissue damage, edema, and mucus buildup, 
which ean blockairfìowthrough the bronehi 
and bronehioles. Airway hyperreaetivity 
results in greatly inereased eontraetion of 
the smooth muscle in the bronehi and bron- 
ehioles in response to a stimulus. As a result 
of airway hyperreaetivity, the diameter of 
the airway deereases, and resistanee to air- 
flow inereases. The effeets of inflammation 
and airway hyperreaetivity eombine to 
cause airflow obstruction. 


Asthma and eystie Fibrosis 

Many eases of asthma appear to be 
assoeiated with a ehronie inflammatory 
response. The number of immune eells in 
the bronehi and bronehioles, including mast 
eells, eosinophils, neutrophils, maerophages, 
and lymphoeytes, inereases. Inflammation 
appears to be linked to airway hyperreaetiv- 
ity by some ehemieal mediators released by 
immune eells (e.g., leukotrienes, prostaglan- 
dins, and interleukins), which inerease the 
airway's sensitivity to stimulation and cause 
smooth muscle eontraetion. 

The stimuli that prompt airflow obstruc- 
tion in asthma vary from one individual to 
another. Stimuli that cause an asthma attaek 
include allergens, smoke, aspirin, ibuprofen, 
and strenuous exercise, espeeially in eold 
weather. Treatment of asthma involves 
avoiding the causative stimulus and admin- 
istering drug therapy. Steroids and mast- 
stabilizing agents are used to reduce airway 
inflammation.Theophylline (thè-of' i-lèn, thè- 
of'i-lin) and (B-adrenergic agents (see ehap- 
ter 14) are eommonly used to stirrmlate 
bronehiolar dilation. 

Cystic fìbrosis (CF) is a disease eharae- 
terized by frequent, serious respiratory 
infeetions and thiek, stieky mucus in the 
lungs and digestive traet. It is the most 
eommon lethal genetie disorder in Cauca- 
sians. Cystic fibrosis is inherited as an 
autosomal-recessive gene on ehromosome 7 
(see ehapter 25). In CF, a mutated gene 
results in the production of a defeetive 
ehloride ion (Cl _ ) ehannel. In addition to 



transporting Cl _ , the ehloride ehannel 
inhibits the aetivity of Na + ehannels. 
Exactly howthis inhibition is aeeomplished 
is not eompletely understood.The ehloride 
ehannel usually aets as a"brake"on the Na + 
ehannels, thereby reducing the amount of 
Na + normally reabsorbed. In eystie fibrosis, 
the ehloride ehannel is either nonfunc- 
tional or marginally functional. Conse- 
quently, the normal inhibition of the Na + 
ehannels is lost or greatly diminished and 
Na + absorption inereases dramatieally. 
Water follows the Na + by osmosis, result- 
ing in inereased water loss from the mucus 
lining the respiratory passageways. The 
mucus beeomes thieker than normal, the 
eiliated epithelium of the air passageways 
eannot remove it, and the air passageways 
beeome bloeked with mucus. 

People with CF must undergo ehest 
physieal therapy, also ealled ehest elap- 
ping or ehest percussion. This involves 
manually pounding the baek and ehest for 
30 to 40 minutes three or four times daily to 
dislodge mucus trapped in the ehest. Auto- 
mated ehest elappers are preferred by some 
CF patients. Antibioties may be preseribed 
to help eontrol lung infeetions. Mucus- 
thinning drugs, such as Pulmozyme, and 
bronehodilators ean be inhaled to improve 
mucus elearanee and open airways. 
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ANATOMY & PHYSIOLOGY 



respiratory membrane is very thin to faeilitate the diffusion of gases. It 
eonsists of 

1. a thin layer of fluid lining the alveolus 

2. the alveolar epithelium eomposed of simple squamous epithelium 

3. the basement membrane of the alveolar epithelium 

4. a thin interstitial spaee 

5. the basement membrane of the pulmonary eapillary endothelium 

6. the pulmonary eapillary endothelium eomposed of simple 
squamous epithelium 

13 List the parts of the respiratory membrane. 


Pleura 

The lungs are eontained within the thoraeie eavity, but eaeh lung is 
surrounded by a separate pleural (ploor'àl, relating to the ribs) eav- 
ity formed by the pleural serous membranes (figure 20.9). The pari- 
etal pleura eovers the inner thoraeie wall, diaphragm, and 
mediastinum. The parietal pleura is continuous with the viseeral 
pleura, which eovers the surface of the lung. 

The pleural eavity is filled with pleural fluid, which is produced 
by the pleural membranes. The pleural fluid does two things: (1) It 
aets as a lubricant, allowing the parietal and viseeral pleural mem- 
branes to slide past eaeh other as the lungs and the thorax ehange 
shape during respiration, and (2) it helps hold the parietal and vis- 
eeral pleural membranes together. The pleural fluid aets like a thin film 
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Figlire 20.9 Pleural eavities and Membranes 

Transverse seetion of the thorax, showing the relationship of the pleural eavities to the thoraeie organs. Eaeh lung is surrounded by a pleural eavity.The parietal pleura 
lines the wall of eaeh pleural eavity, and the viseeral pleura eovers the surface of the lungs.The spaee between the parietal and viseeral pleurae is small and filled with 
pleural fluid. 


of water between two sheets of glass (the viseeral and parietal pleurae); 
the glass sheets ean slide over eaeh other easily, but it is difficult to 
separate them. 

14 Name the pleurae of the lungs. What are the functions of the pleural 
fluid? 


Prediet 



Pleurisy is an inflammation of the pleural membranes. Explain why this eondi- 
tion is so painful, espeeially when a person takes deep breaths. 


thoraeie aorta through bronehial arteries to eapillaries, where oxy- 
gen is released. Deoxygenated blood from the proximal part of the 
bronehi returns to the heart through the bronehial veins and the 
azygos venous system (see ehapter 18). More distally, the venous 
drainage from the bronehi enters the pulmonary veins. Thus, the 
oxygenated blood returning from the alveoli in the pulmonary 
veins is mixed with a small amount of deoxygenated blood return- 
ing from the bronehi. 

15 What are the two major routes of blood flow to and from the lungs? 

What is the function of eaeh route? 


Blood Supply 

Blood that has passed through the lungs and pieked up oxygen is 
ealled oxygenated blood, and blood that has passed through the 
tissues and released some of its oxygen is ealled deoxygenated 
blood. Two blood flow routes to the lungs exist. The major route is 
the pulmonary circulation, which takes deoxygenated blood to 
the lungs, where it is oxygenated (see ehapter 18). The deoxygen- 
ated blood flows through pulmonary arteries to pulmonary eapil- 
laries, beeomes oxygenated, and returns to the heart through 
pulmonary veins. The bronehial circulation takes oxygenated 
blood to the tissues of the bronehi down to the respiratory bron- 
ehioles (see figure 20.7). The oxygenated blood flows from the 


Lymphatie Supply 

The lungs have two lymphatie supplies (see figure 20.7). The super- 
fieial lymphatie vessels are deep to the viseeral pleura; they drain 
lymph from the superficial lung tissue and the viseeral pleura. The 
deep lymphatie vessels follow the bronehi; they drain lymph from 
the bronehi and assoeiated eonneetive tissues. No lymphatie vessels 
are loeated in the walls of the alveoli. Both the superficial and deep 
lymphatie vessels exit the lung at the main bronehi. 

Phagoeytie eells within the lungs phagoeytize earbon partieles 
and other debris from inspired air and move them to the lymphatie 
vessels. In older people, the surface of the lungs ean appear gray to 
blaek because of the accumulation of these partieles, espeeially if 
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the person smoked or lived most of his or her life in a eity with air 
pollution. Cancer eells from the lungs ean spread to other parts of 
the body through the lymphatie vessels. 

16 Deseribe the lymphatie supply of the lungs. 


20.3 ventilation 

Ventilation, or breathing, is the proeess of moving air into and out 
of the lungs. There are two phases of ventilation: (1) inspiration, or 
inhalation, is the movement of air into the lungs; (2) expiration, or 
exhalation, is the movement of air out of the lungs. Changes in tho- 
raeie volume, which produce ehanges in air pressure within the lungs, 
are responsible for ventilation. 

17 Define ventilation, inspiration, and expiration. 


ehanging Thoraeie voliime 

Muscles assoeiated with the ribs are responsible for ventilation (fig- 
ure 20.10). The muscles of inspiration are the diaphragm and mus- 
eles that elevate the ribs and sternum, such as the external intereostals, 
peetoralis minor, and sealenes. The diaphragm (dTa-fram, partition) 
is a large dome of skeletal muscle that separates the thoraeie eavity 
from the abdominal eavity. The muscles of expiration are muscles 
that depress the ribs and sternum, such as the abdominal muscles and 
the internal intereostals. 


At the end of a normal, quiet expiration, the respiratory muscles 
are relaxed (see figure 20.10a). During quiet inspiration, eontraetion 
of the diaphragm causes the top of the dome to move inferiorly, which 
inereases the volume of the thoraeie eavity. The largest ehange in 
thoraeie volume results from movement of the diaphragm. 
Contraction of the external intereostals also elevates the ribs and ster- 
num (see figure 20.10^), which inereases thoraeie volume by inereas- 
ing the diameter of the thoraeie eage. 


Prediet 



During inspiration, the abdominal muscles relax. How is this advantageous? 


Expiration during quiet breathing occurs when the diaphragm 
and external intereostals relax and the elastie properties of the thorax 
and lungs cause a passive deerease in thoraeie volume. 

There are several differenees between normal, quiet breathing 
and labored breathing. During labored breathing, all of the inspira- 
tory muscles are aetive and they eontraet more forcefully than dur- 
ing quiet breathing, causing a greater inerease in thoraeie volume 
(see figure 20.10^). During labored breathing, forceful eontraetion 
of the internal intereostals and the abdominal muscles produces a 
more rapid and greater deerease in thoraeie volume than would be 
produced by the passive reeoil of the thorax and lungs. 

18 List the miiseles of respiration and deseribe their role in quiet inspiration 
and expiration. How does this ehange during labored breathing? 
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Figure 20.10 Effeet of the Muscles of Respiration on Thoraeie volume 

[a) Muscles of respiration at the end of expiration. [b) Muscles of respiration at the end of inspiration. 
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Pressure ehanges and Airflow 

The physies of airflow in tubes, such as the ones that make up the 
respiratory passages, is the same as that of the flow of blood in blood 
vessels (see ehapter 18). Thus, the following relationships hold: 

,, P 1 -P 2 

F =^r~ 

where F is airflow (milliliters per minute) in a tube, P\ is pressure 
at point one, P^ is pressure at point two, and R is resistanee to 
airflow. 

The flow of air into and out of the lungs is governed by three 
physieal prineiples: 

1. Airflows from areas ofhigher to lowerpressnre. If the pressure is 
higher at one end of a tube (P\) than at the other (P 2 ), air 
flows from the area of higher pressure toward the area of lower 
pressure. The greater the pressure differenee, the greater the 
rate of airflow. Air flows through the respiratory passages 
because of pressure differenees between the outside of the body 
and the alveoli inside the body. These pressure differenees are 
produced by ehanges in thoraeie volume. 

2. Changes in volume result in ehanges in pressnre. As the volume 
of a eontainer inereases, the pressure within the eontainer 
deereases. As the volume of a eontainer deereases, the pressure 
within the eontainer inereases. This inverse relationship 
between volume and pressure is ealled Boyle’s law. The muscles 
of respiration ehange thoraeie volume and therefore pressure 
within the thoraeie eavity. 


Prediet 



What happens to pressure in the thoraeie eavity when the muscles of inspira- 
tion eontraet? 


3. Changes in tube diameter result in ehanges in resistanee. 

Aeeording to Poiseuilles law (see ehapter 18), the resistanee 
to airflow is proportional to the diameter (d) of a tube raised 
to the fourth power (df. Thus, a small ehange in diameter 
results in a large ehange in resistanee, which greatly deereases 
airflow. For example, asthma results in the release of 
inflammatory ehemieals, such as leukotrienes, that cause 
severe eonstrietion of the bronehioles. Emphysema inereases 
airway resistanee because the bronehioles are obstmeted as a 
result of inflammation and because damaged bronehioles 
eollapse during expiration. Tumors inerease resistanee by 
growing into and bloeking air passageways. 

19 How do pressure differenees and resistanee affeet airflowthrough 
a tube? 

20 What happens to the pressure within a eontainer when the volume of 
the eontainer inereases? 


Prediet 



If resistanee to airflow inereases because of disease, how ean adequate airflow 
be maintained? 


Airflow Into and Out of Alveoli 

The volume and pressure ehanges responsible for one eyele of inspira- 
tion and expiration ean be deseribed as follows: 

1 . At the end of expiration, alveolar pressure, which is the air 
pressure within the alveoli, is equal to atmospherie pressure, 
which is the air pressure outside the body. There is no movement 
of air into or out of the lungs because alveolar pressure and 
atmospherie pressure are equal (figure 20.11, step 1). 

2. During inspiration, eontraetion of the muscles of inspiration 
inereases the volume of the thoraeie eavity. The inereased 
thoraeie volume causes the lungs to expand, resulting in an 
inerease in alveolar volume (see “Changing Alveolar Volnme,” 
p. 621). As the alveolar volume inereases, alveolar pressure 
beeomes less than atmospherie pressure, and air flows from 
outside the body through the respiratory passages to the alveoli 
(figure 20.11, step 2). 

3. At the end of inspiration, the thorax and alveoli stop 
expanding. When the alveolar pressure and atmospherie 
pressure beeome equal, airflow stops (figure 20.11, step 3). 

4. During expiration, the thoraeie volume deereases, producing a 
deerease in alveolar volume. Consequently, alveolar pressure 
inereases above the air pressure outside the body, and air flows 
from the alveoli through the respiratory passages to the outside 
(figure 20.11, step 4). 

As expiration ends, the deerease in thoraeie volume stops and 
the proeess repeats, beginning at step 1. 

21 Explain how ehanges in alveolar volume cause air to move into and 
out of the lungs. 


Lung Reeoil 

During quiet expiration, thoraeie volume and lung volume deerease 
because of passive reeoil of the thoraeie wall and lungs. The reeoil of 
the thoraeie wall results from the elastie properties of the thoraeie 
wall tissues. Lung reeoil is the tendeney for an expanded lung to 
deerease in size, due to (1) the elastie fibers in the eonneetive tissue 
of the lungs and (2) surface tension of the film of fluid that lines the 
alveoli. Surface tension exists because the oppositely eharged ends of 
water molecules attraet eaeh other (see ehapter 2). As the water mol- 
ecules pull together, they also pull on the alveolar walls, causing the 
alveoli to reeoil and beeome smaller. 

Two faetors keep the lungs from eollapsing: (1) surfactant and 
(2) pressure in the pleural eavity. 

22 Name two things that cause the lungs to reeoil. Name two things that 
keep the lungs from eollapsing. 


Surfactant 

Surfactant (ser-fak'tànt, surf ace aeting agent) is a mixture of lipopro- 
tein molecules produced by seeretory eells of the alveolar epithelium. 
The surfactant molecules form a single layer on the surface of the thin 
fluid layer lining the alveoli, reducing surface tension. Without surfac- 
tant, the surface tension causing the alveoli to reeoil ean be 10 times 
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1. At the end of expiration, alveolar pressure 
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3. At the end of inspiration, alveolar pressure is 
equal to atmospherie pressure and there is no 
air movement. 


4. During expiration, deereased thoraeie 
volume results in deereased alveolar 
volume and inereased alveolar pressure. 
Air moves out of the lungs because 
alveolar pressure is greater than 
atmospherie pressure. 


Proeess Figure 20.11 Alveolar Pressure ehanges During inspiration and Expiration 

The eombined spaee of all the alveoli is represented by a large"bubble."The alveoli are actually mieroseopie and eannot be seen in the illustration. 
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greater than when surfactant is present. Thus, surfactant greatly 
reduces the tendeney of the lungs to eollapse. 


infant Respiratory Distress Syndrome 

Surfactant is not produced in adequate quantities until about the 
seventh month of gestation. Thereafter, the amount produced 
inereases as the fetus matures. In premature infants, infant respira- 
tory distress syndrome (IRDS), or hyaline (hl'à-lin, glass) mem- 
brane disease, is caused by too little surfactant. It is eommon, 
espeeially for infants delivered before the seventh month of preg- 
naney. Cortisol ean be given to pregnant women who are likely to 
deliver prematurely, because it erosses the plaeenta into the fetus 
and stimulates surfactant synthesis. 

If too little surfactant has been produced by the time of birth, 
the lungs tend to eollapse, and a great deal of energy must be 
exerted by the muscles of respiration to keep the lungs inflated; 
even then, inadequate ventilation occurs. Without speeialized treat- 
ment, most babies with this eondition die soon after birth as a result 
of inadequate ventilation of the lungs and fatigue of the respiratory 
muscles. Treatment strategies include foreing enough oxygen-rich 
air into the lungs to inflate them and administering surfactant. 


23 What is surfactant? What effeet does it have on water surface tension 
and the tendeney for the lungs to eollapse? 


Pleural Pressure 

Pleural pressure is the pressure in the pleural eavity. When alveolar 
pressure is greater than pleural pressure, the alveoli tend to expand. This 
prineiple ean be understood by eonsidering a balloon. The balloon 
expands when the pressure inside it is higher than the pressure outside. 
This pressure differenee is normally aehieved by inereasing the pres- 
sure inside the balloon when a person foreeffilly blows into it. This 
pressure differenee, however, ean also be aehieved by deereasing the 
pressure outside the balloon. For example, if the balloon is plaeed in 
a ehamber from which air is removed, the pressure around the balloon 
beeomes lower than atmospherie pressure, and the balloon expands. The 
lower the pressure outside the balloon, the greater the tendeney for the 
higher pressure inside the balloon to cause it to expand. In a similar 
fashion, deereasing pleural pressure ean result in expansion of the alveoli. 

Normally, the alveoli are expanded because of a negative pleural 
pressure that is lower than alveolar pressure. At the end of a normal 
expiration, alveolar pressure is equal to atmospherie pressure and pleu- 
ral pressure is slightly less than atmospherie pressure—that is, it is 
subatmospheric. The subatmospheric pleural pressure results from a 
“suction effeet” caused by fluid removal by the lymphatie system and 
by lung reeoil. As the lungs reeoil, the viseeral and parietal pleurae 
tend to be pulled apart. Normally, the lungs do not pull away from 
the thoraeie wall because pleural fluid holds the viseeral and parietal 
pleurae together. Nonetheless, this pull deereases pressure in the 
pleural eavity, an effeet that ean be appreeiated by putting water on 
the palms of the hands and putting them together. A sensation of 
negative pressure is felt as the hands are gently pulled apart. 


When pleural pressure is lower than alveolar pressure, the alveoli 
tend to expand. This expansion is opposed by the tendeney of the 
lungs to reeoil. Therefore, the alveoli expand when the pleural pres- 
sure is low enough that lung reeoil is overeome. If the pleural pressure 
is not low enough to overeome lung reeoil, then the alveoli eollapse. 

Pneumothorax 

A pneumothorax (noo-mó-thór'aks) is the introduction of air into 
the pleural eavity. Air ean enter by an external route when a sharp 
objeet, such as a bullet or broken rib, penetrates the thoraeie wall, or 
air ean enter the pleural eavity by an internal route if alveoli at the 
lung surface rupture, such as ean occur in a patient with emphy- 
sema. When the pleural eavity is eonneeted to the outside by such 
openings, air moves into the pleural eavity because air moves from 
the higher atmospherie pressure to the lower subatmospheric pres- 
sure in the pleural eavity. When air moves into the pleural eavity, the 
pressure in the pleural eavity inereases and beeomes equal to the 
atmospherie pressure outside the body.Thms, pleural pressure is also 
equal to alveolar pressure because pressure in the alveoli at the end 
of expiration is equal to atmospherie pressure outside the body. 
When pleural pressure and alveolar pressure are equal, there is no 
tendeney for the alveoli to expand, lung reeoil is unopposed, and the 
lungs eollapse. A pneumothorax ean occur in one lung while the 
lung on the opposite side remains inflated because the two pleural 
eavities are separated by the mediastinum. 


24 Define pleuralpressure. What causes pleural pressure to be lower than 
alveolar pressure? 

25 What happens to alveolar volume when pleural pressure deereases? 

26 How does an opening in the ehest wall cause a lung to eollapse? 


Prediet 



Treatment of a pneumothorax involves elosing the opening into the pleural 
eavity that caused the pneumothorax.Then a tube is plaeed into the pleural 
eavity. In order to inflate the lung, should this tube pump in air under pressure 
(as in blowing up a balloon) or should the tube apply suction? Explain. 


ehanging Alveolar volume 

Changes in alveolar volume result in the ehanges in alveolar pressure 
that are responsible for the movement of air into and out of the lungs 
(see figure 20.11). Alveolar volume ehanges result from ehanges in 
pleural pressure. For example, during inspiration, pleural pressure 
deereases and the alveoli expand. The deerease in pleural pressure 
occurs for two reasons: 

1. inereasing the volume of the thoraeie eavity results in a deerease 
in pleural pressure because of the effeet of ehanging volume on 
pressure. 

2. As the lungs expand, lung reeoil inereases, resulting in 

an inereased suction effeet and a lowering of pleural pressure. 
The inereased lung reeoil of the stretehed lung is similar to 
the inereased foree generated in a stretehed rubber band. 
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The events of inspiration and expiration ean be summarized as 
follows: 

1. During inspiration, pleural pressure deereases because 
of inereased thoraeie volume and inereased lung 

reeoil. As pleural pressure deereases, alveolar volume inereases, 
alveolar pressure deereases, and air flows into the lungs. 

2. During expiration, pleural pressure inereases because of 
deereased thoraeie volume and deereased lung reeoil. As pleural 
pressure inereases, alveolar volume deereases, alveolar pressure 
inereases, and air flows out of the lungs. 

27 During inspiration, what causes pleural pressure to deerease? What 
effeet does this have on alveolar pressure and air movement? 

28 During expiration, what causes pleural pressure to inerease? What 
effeet does this have on alveolar pressure and air movement? 

20.4 Measurement of Lung 

Function 

A variety of measurements ean be used to assess lung function. 
Eaeh of these tests eompares a subject’s measurements with a nor- 
mal range. These measurements ean be used to diagnose diseases, 
traek the progress of diseases, and traek reeovery from diseases. 

eomplìanee of the Lungs and Thorax 

Compliance is a measure of the ease with which the lungs and 
thorax expand. The eomplianee of the lungs and thorax is the vol- 
ume by which they inerease for eaeh unit of pressure ehange in 
alveolar pressure. It is usually expressed in liters (volume of air) per 
eentimeter of water (pressure), and for a normal person the eom- 
plianee of the lungs and thorax is 0.13 L/em H 2 O. That is, for 
every 1 em H 2 O ehange in alveolar pressure, the volume ehanges 

by 0.13 L. 

The greater the eomplianee, the easier it is for a ehange in pres- 
sure to cause expansion of the lungs and thorax. For example, one 
possible result of emphysema is the destruction of elastie lung tissue. 
This reduces the elastie reeoil foree of the lungs, thereby making 
expansion of the lungs easier and resulting in a higher-than-normal 
eomplianee. A lower-than-normal eomplianee means that it is harder 
to expand the lungs and thorax. Conditions that deerease eomplianee 
include the deposition of inelastie fibers in lung tissue (pulmonary 
fibrosis), the eollapse of the alveoli (infant respiratory distress syn- 
drome and pulmonary edema), an inereased resistanee to airflow 
caused by airway obstmetion (asthma, bronehitis, and lung eaneer), 
and deformities of the thoraeie wall that reduce the ability of the 
thoraeie volume to inerease (kyphosis and seoliosis). 

Effeets of Deereased eomplianee 

Pulmonary diseases ean markedly affeet the total amount of 
energy required for ventilation, as well asthe pereentage ofthetotal 
amount of energy expended by the body. Diseases that deerease 
eomplianee ean inerease the energy required for breathing up to 
30% of the total energy expended by the body. 


29 Define eomplionee. What is the effeet on lung expansion when 
eomplianee inereases or deereases? 

Pulmonary Voliimes and eapaeities 

Spirometry (spl-rom'é-trè, spiro , to breathe + metron , to measure) 
is the proeess of measuring volumes of air that move into and out of the 
respiratory system, and a spirometer (spì-rom'é-ter) is a deviee used to 
measure these pulmonary volumes. The four piilmonary volumes and 
representative values (figure 20.12) for a young adult male follow: 

1 . Tidal volume is the volume of air inspired or expired with eaeh 
breath. At rest, quiet breathing results in a tidal volume of 
approximately 300 mL. 

2. Inspiratory reserve volume is the amount of air that ean be 
inspired forcefully after inspiration of the tidal volume 
(approximately 3000 mL at rest). 

3. Expiratory reserve volume is the amount of air that ean be 
forcefully expired after expiration of the tidal volume 
(approximately 1100 mL at rest). 

4. Residual volume is the volume of air still remaining in the 
respiratory passages and lungs after the most foreefiil expiration 
(approximately 1200 mL). 

The tidal volume inereases when a person is more aetive. An 
inerease in tidal volume causes a deerease in the inspiratory and 
expiratory reserve volumes because the maximum volume of the 
respiratory system does not ehange from moment to moment. 

Pulmonary eapaeities are the sum of two or more pulmonary 
volumes (see figure 20.12). Some pulmonary eapaeities follow: 

1. Inspiratory eapaeity is the tidal volume plus the inspiratory 
reserve volume, which is the amount of air that a person ean 
inspire maximally after a normal expiration (approximately 

3500 mL at rest). 

2. Functional residual eapaeity is the expiratory reserve volume 
plus the residual volume, which is the amount of air remaining 
in the lungs at the end of a normal expiration (approximately 

2300 mL at rest). 

3. Vital eapaeity is the sum of the inspiratory reserve volume, the tidal 
volume, and the expiratory reserve volume, which is the maximum 
volume of air that a person ean expel from the respiratory traet 
after a maximum inspiration (approximately 4600 mL). 

4. Total lung eapaeity is the sum of the inspiratory and 
expiratory reserve volumes plus the tidal volume and the 
residual volume (approximately 5800 mL). 

Faetors such as sex, age, body size, and physieal eonditioning 
cause variations in respiratory volumes and eapaeities from one indi- 
vidual to another. For example, the vital eapaeity of adult females is 
usually 20%—25% less than that of adult males. The vital eapaeity 
reaehes its maximum amount in young adults and gradually deereases 
in the elderly. Tall people usually have a greater vital eapaeity than 
short people, and thin people have a greater vital eapaeity than obese 
people. Well-trained athletes ean have a vital eapaeity 30%—40% 
above that of untrained people. In patients whose respiratory muscles 
are paralyzed by spinal eord injury or diseases such as poliomyelitis 
or muscular dystrophy, vital eapaeity ean be reduced to values not 
eonsistent with survival (less than 500—1000 mL). Faetors that 
reduce eomplianee also reduce vital eapaeity. 
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Figure 20.12 Lung Volumes and eapaeities 

The tidal volume during resting eonditions is represented. 


The foreed expiratory vital eapaeity is a simple and elinieally 
important pulmonary test. The individual inspires maximally and 
then exhales maximally into a spirometer as rapidly as possible. The 
volume of air expired at the end of the test is the person’s vital 
eapaeity. The spirometer also reeords the volume of air that enters 
it per seeond. The foreed expiratory volume in 1 seeond (FEVi) 
is the amount of air expired during the first seeond of the test. In 
some eonditions, the vital eapaeity may not be dramatieally 
affeeted, but how rapidly air is expired ean be greatly deereased. 
Airway obstruction, caused by asthma, the eollapse of bronehi in 
emphysema, or a tumor, and disorders that reduce the ability of the 
lungs or ehest wall to deflate, such as pulmonary fibrosis, silieosis, 
kyphosis, and seoliosis, ean cause a deereased FEVi. 

30 Define tidal volume, inspiratory reserve volume, expiratory reserve 
volume, and residual volume. 

31 Define inspiratory eapaeity, functionalresidualeapaeity, vitaleapaeity, 
and total lung eapaeity. 

32 What is foreed expiratory volume in 1 seeond, and why is it elinieally 
important? 

Mínute Ventilation and 
Alveolar Ventilation 

Minute ventilation is the total amount of air moved into and out 
of the respiratory system eaeh minute; it is equal to tidal volume 
times respiratory rate. Respiratory rate, or respiratory frequency, 


is the number of breaths taken per minute. Minute ventilation 
averages approximately 6 L/min because resting tidal volume is 
approximately 500 mL and respiratory rate is approximately 12 
breaths per minute. 

Although minute ventilation measures the amount of air mov- 
ing into and out of the lungs per minute, it is not a measure of the 
amount of air available for gas exchange because gas exchange takes 
plaee mainly in the alveoli and to a lesser extent in the alveolar ducts 
and respiratory bronehioles. The part of the respiratory system where 
gas exchange does not take plaee is ealled the dead spaee. The nasal 
eavity, pharynx, larynx, traehea, bronehi, bronehioles, and terminal 
bronehioles form 150 mL of dead spaee. Nonfunctional alveoli also 
contribute to the dead spaee. In a healthy person, there are few non- 
fianetional alveoli. 

j 

Emphysema and Dead Spaee 

Disease ean deerease gas exchange in the alveoli and inerease 
dead spaee. In patients with emphysema, alveolar walls degener- 
ate and small alveoli eombine to form larger alveoli. The result is 
fewer alveoli, but alveoli with an inereased volume and deereased 
surface area. Although the enlarged alveoli are still ventilated, 
surface area is inadequate for eomplete gas exchange, and the 
dead spaee inereases. 
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During inspiration, much of the inspired air fills the dead spaee 
first before reaehing the alveoli and, thus, is unavailable for gas 
exchange. The volume of air available for gas exchange per minute is 
ealled alveolar ventilation (Va), an d it is calculated as follows: 

V A =f(V T - V D ) 

where is alveolar ventilation (milliliters per minute),/4s respira- 
tory rate (frequency, breaths per minute), V T is tidal volume (millili- 
ters per respiration), and V T is dead spaee (milliliters per respiration). 

33 Define minute ventilation, respiratory rate, deadspaee, and alveolar 
ventilation. 

34 How does dead spaee affeet alveolar ventilation? 


Prediet 



What is the alveolar ventilation of a resting person with a tidal volume of 500 mL, 
a dead spaee of 150 mL, and a respiratory rate of 12 breaths per minute? If the 
person exercises and tidal volume inereases to 4000 mL, dead spaee inereases to 
300 mL as a result of dilation of the respiratory passageways, and respiratory 
rate inereases to 24 breaths per minute, what is the alveolar ventilation? How is 
the ehange in alveolar ventilation benefieial for doing exercise? 


(0.0004 X 760 = 0.3 mm Hg) (table 20.1). It is traditional to 

designate the partial pressure of individual gases in a mixture with a 
eapital P followed by the symbol for the gas. Thus, the partial pres- 
sure of oxygen is P 02 , and earbon dioxide is Pco 2 - 

35 Aeeording to Dalton's law, what is the partial pressure of a gas? 


Diffiision of Gases into and 
Out of Liquids 

Gas molecules diffuse from the air into a liquid, or from a liquid into 
the air, because of partial pressure gradients. For example, oxygen 
moves from the air into the thin layer of fluid lining the alveolus 
when P 02 in the air is greater than in the fluid. Aeeording to Henry’s 
law, the amount of gas that ean dissolve in a liquid is equal to the 
partial pressure of the gas times its solubility eoeffieient. The solubil- 
ity eoeffieient is a measure of how easily the gas dissolves in the liq- 
uid. In water, the solubility eoeffieient for oxygen is 0.024; for 
earbon dioxide, it is 0.37. Thus, earbon dioxide is approximately 24 
times more soluble in water than is oxygen. 

36 Aeeording to Henry's law, how do the partial pressure and solubility 
of a gas affeet its eoneentration in a liquid? 


20.5 Gas Exchange in the Lungs 

Ventilation supplies atmospherie air to the alveoli. The next step in 
the proeess of respiration is the diffiasion of gases between alveoli and 
blood in the pulmonary eapillaries. 

Partial Pressure 

Gases diffiase from higher eoneentrations toward lower eoneentra- 
tions. One measurement of the eoneentration of gases is 
partial pressure, which is the pressure exerted by a gas in a mixture 
of gases. Aeeording to Dalton’s law, in a mixture of gases, the part 
of the total pressure resulting from eaeh type of gas is determined by 
the pereentage of the total volume represented by eaeh gas type. For 
example, if the total pressure of all gases in a mixture of gases is 760 
millimeters of mercury (mm Hg), which is the atmospherie pressure 
at sea level, and 21 % of the mixture is made up of oxygen, then the 
partial pressure for oxygen is 160 mm Hg (0.21 X 760 mm Hg = 
160 mm Hg). If the eomposition of air is 0.04% earbon dioxide at 
sea level, the partial pressure for earbon dioxide is 0.3 mm Hg 


Prediet 

As a SGJBA diver deseends, the pressure of the water on the body prevents 
normal expansion of the lungs.To eompensate, the diver breathes pressurized 
air, which has a greater pressure than air at sea level. What effeet does the in- 
ereased pressure have on the amount of gas dissolved in the diver's body flu- 
ids? A SGJBA diver who suddenly aseends to the surface from a great depth 
ean develop deeompression siekness (the bends), in which bubbles of nitro- 
gen gas form.The expanding bubbles damage tissues or bloek blood flow 
through small blood vessels. Explain the development of the bubbles. 


Dif usion of Gases Through 
the Respiratory Membrane 

The faetors that infffienee the rate of gas diffiasion through the respi- 
ratory membrane are (1) the partial pressure gradient of the gas 
aeross the membrane, (2) the diffiision eoeffieient of the gas in the 
substance of the membrane, (3) the thiekness of the membrane, (4) the 
surface area of the membrane. 




Table 20.1 


Partial Pressures of 


at Sea Level 


Gases 

Dry Air 

Humidifìed Air 

Alveolar Air 

Expired Air 

mm Hg 

% 

mm Hg 

% 

mm Hg 

% 

mm Hg 

% 

Nitrogen 

599.7 

78.91 

563.4 

74.09 

569.0 

74.9 

566.0 

74.5 

Oxygen 

160.0 

21.05 

149.3 

19.67 

104.0 

13.6 

120.0 

15.7 

Carbon dioxide 

0.3 

0.04 

0.3 

0.04 

40.0 

5.3 

27.0 

3.6 

Water vapor 

0.0 

0.00 

47.0 

6.20 

47.0 

6.2 

47.0 

6.2 
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Partial Pressure Gradient 

The partial pressure gradient of a gas aeross the respiratory mem- 
brane is the differenee between the partial pressure of the gas in the 
alveoli and the partial pressure of the gas in the blood of the pulmo- 
nary eapillaries. Oxygen diífuses from the alveoli into the pulmonary 
eapillaries because the P 02 in the alveoli is greater than that in the 
pulmonary eapillaries. In eontrast, earbon dioxide diffuses from the 
pulmonary eapillaries into the alveoli because the Pco 2 is greater in 
the pulmonary eapillaries than in the alveoli (see figure 20.8^). 

The partial pressure gradient for oxygen and earbon dioxide 
ean be inereased by inereasing alveolar ventilation. The greater 
volume of atmospherie air exchanged with the alveoli raises alveolar 
P 02 , lowers alveolar Pco 2 , and thus promotes gas exchange. 
Conversely, inadequate ventilation causes a lower-than-normal 
partial pressure gradient for oxygen and earbon dioxide, resulting 
in inadequate gas exchange. 

Diffusion eoeffieient 

A difFusion eoeffieient is a measure of how easily a gas diffuses into 
and out of a liquid or tissue, taking into account the solubility eoef- 
fieient of the gas in the liquid and the size of the gas molecule 
(molecular weight). If the difRision eoefReient of oxygen is assigned 
a value of 1, the relative diffusion eoefReient of earbon dioxide is 
20, which means earbon dioxide diffuses through the respiratory 
membrane about 20 times more readily than oxygen does. 

When the respiratory membrane beeomes progressively dam- 
aged as a result of disease, its eapaeity for allowing the movement of 
oxygen into the blood is often impaired enough to cause death from 
oxygen deprivation before the diffusion of earbon dioxide is dra- 
matieally reduced. If life is being maintained by extensive oxygen 
therapy, which inereases the eoneentration of oxygen in the lung 
alveoli, the reduced eapaeity for the diffusion of earbon dioxide 
aeross the respiratory membrane ean result in substantial inereases in 
earbon dioxide in the blood. 

Respiratory Membrane Thiekness 

Fluid accumulation within alveoli inereases the thiekness of the fluid 
lining the alveoli, which inereases the thiekness of the respiratory 
membrane. If the thiekness of the respiratory membrane inereases 
two or three times, the rate of gas exchange markedly deereases. 
Pulmonary edema caused by failure of the left side of the heart is the 
most eommon cause of an inerease in the thiekness of the respiratory 
membrane. Conditions that result in inflammation of the lung tis- 
sues, such as tuberculosis, pneumonia, or advaneed silieosis, ean also 
cause fluid accumulation within the alveoli. 

Surface Area 

In a healthy adult, the total surface area of the respiratory membrane is 
approximately 70 m 2 (approximately the floor area of a 25- by 30-foot 
room). Under resting eonditions, a deerease in the surface area of the 
respiratory membrane to one-third or one-fourth of normal ean sig- 
nifieantly restriet gas exchange. During strenuous exercise, even small 
deereases in the surface area of the respiratory membrane ean adversely 
affeet gas exchange. A deereased surface area for gas exchange results 
from the surgical removal of lung tissue, the destruction of lung tissue 
by eaneer, or the degeneration of the alveolar walls by emphysema. 


37 Deseribe four faetors that affeet the diffusion of gases through the 
respiratory membrane. Give examples of diseases that deerease 
diffusion by altering these faetors. 

38 Does oxygen or earbon dioxide diffuse more easily through the 
respiratory membrane? 

20.6 Oxygen and earbon 

Dioxide Transport in 
the Blood 

Onee oxygen diffuses through the respiratory membrane into the 
blood, most of it eombines reversibly with hemoglobin, and a 
smaller amount dissolves in the plasma. Hemoglobin transports 
oxygen from the pulmonary eapillaries through the blood vessels to 
the tissue eapillaries, where some of the oxygen is released. The 
oxygen diffuses from the blood to tissue eells, where it is used in 
aerobie respiration. 

Cells produce earbon dioxide during aerobie metabolism. The 
earbon dioxide diffuses from the eells into the tissue eapillaries. Onee 
earbon dioxide enters the blood, it is transported in three ways: dis- 
solved in the plasma, in eombination with hemoglobin, and in the 
form of biearbonate ions (HC 03 _ ). 

Oxygen Partial Pressure Gradients 

The P 02 within the alveoli averages approximately 104 mm Hg, 
whereas the P 02 in blood flowing into the pulmonary eapillaries is 
approximately 40 mm Hg (figure 20.13). Consequently, oxygen dif- 
fuses down its partial pressure gradient from the alveoli into the 
pulmonary eapillary blood. By the time blood flows through the first 
third of the pulmonary eapillary beds, an equilibrium has been 
aehieved, and the P 02 in the blood is 104 mm Hg, which is equiva- 
lent to the P 02 in the alveoli. 

Blood leaving the pulmonary eapillaries has a P 02 of 104 mm Hg, 
but blood leaving the lungs in the pulmonary veins has a P 02 of 
approximately 95 mm Hg. This deerease in the P 02 occurs because 
the blood from the pulmonary eapillaries mixes with deoxygenated 
blood ealled shunted blood. One source of shunted blood is the 
deoxygenated blood from the bronehial circulation (see “Blood 
Supply,” p. 617). The other source is deoxygenated blood from the 
pulmonary circulation. Normally, 1%—2% of eardiae output is 
shunted blood. 


■m 

« ■ - 



Disorders That inerease Shunted Blood 

Any eondition that deereases gas exchange between the alveoli 
and the blood ean inerease the amoiint of shunted blood. For 
example, obstruction of the bronehioles in eonditions such as 
asthma ean deerease ventilation beyond the obstmeted areas. The 
result is a large inerease in shunted blood because the blood flow- 
ing through the pulmonary eapillaries in the obstmeted area 
remains unoxygenated. In pneumonia or pulmonary edema, a 
buildup of fluid in the alveoli results in poor gas diffusion and less 
oxygenated blood. 
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1. Oxygen diffuses into the 
arterial ends of pulmonary 
eapillaries, and C 02 
diffuses into the alveoli 
because of differenees 

in partial pressures. 

2. As a result of diffusion 
at the venous ends of 
pulmonary eapillaries, the 
Po 2 in the blood is equal 
to the Po 2 in the alveoli, 
and the Pco 2 in the 
blood is equal to the 
Pco 2 in the alveoli. 

3. The Po 2 of blood in 
the pulmonary veins 
is less than in the 
pulmonary eapillaries 
because of mixing with 
deoxygenated blood from 
veins draining the bronehi 
and bronehioles. 


4. Oxygen diffuses out of the 
arterial ends of tissue 
eapillaries, and C 02 
diffuses out of the tissue 
because of differenees in 
partial pressures. 

5. As a result of diffusion at 
the venous ends of tissue 
eapillaries, the Po 2 in the 
blood is equal to the Po 2 
in the tissue, and the Pco 2 
in the blood is equal to the 
Pco 2 in the tissue. 

Go baek to step 1. 


Inspired dry air 
Po 2 = 160 


Expired air 
Po 2 = 120 


Pco 2 = 0.3 ^ ^ Pco 2 = 27 


Alveolus 


Alveolus 




Po 2 = 104 Pco 2 = 40 


Po 2 = 104 Pco 2 = 40 


T 


o 


A 
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Po 2 = 40 Pco 2 = 45 


Po 2 = 104 Pco 2 = 40 


Pulmonary eapillary 



Right 



Po 2 = 95 


0 


Blood in 


Pco 2 = 40 pulmonary veins 


Tissue eapillary 


Po 2 = 40 Pco 2 = 45 


Po 2 = 95 Pco 2 = 40 


0 
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Interstitial 


fluid 
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o 


Po 2 = 40 Pco 2 = 45 


Po 2 = 40 Pco 2 = 45 


Po 2 = 20 Pco 2 = 46 


Tissue eells 


Proeess Figure 20.13 Gas Exchange ap r 

All partial pressures shown are expressed in mm Hg. Partial pressure gradients between the alveoli and the pulmonary eapillaries and between the tissues and the 
tissue eapillaries are responsible for gas exchange. 


The blood that enters the arterial end of the tissue eapillaries has 
a P 02 of approximately 95 mm Hg. The P 02 of the interstitial fluid, 
in eontrast, is elose to 40 mm Hg and is probably near 20 mm Hg 
in the individual eells. Oxygen diffuses from the tissue eapillaries to 
the interstitial fluid and from the interstitial fluid into the eells of the 
body, where it is used in aerobie metabolism. Because the eells use 
oxygen continuously, a eonstant partial pressure gradient exists for 
oxygen from the tissue eapillaries to the eells. 


earbon Dioxide Partial 

Pressure Gradients 

Carbon dioxide is continually produced as a by-product of cellular 
respiration, and a partial pressure gradient is established from tissue 
eells to the blood within the tissue eapillaries. The intracellular Pco 2 
is approximately 46 mm Hg, and the interstitial fluid Pco 2 is approx- 
imately 45 mm Hg. At the arterial end of the tissue eapillaries, the 
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Pco 2 is elose to 40 mm Hg. As blood flows through the tissue eapil- 
laries, earbon dioxide difftises from a higher Pco 2 to a lower Pco 2 
until an equilibrium in Pco 2 is established. At the venous end of the 
eapillaries, blood has a Pco 2 of 45 mm Hg (see figure 20.13). 

After blood leaves the venous end of the eapillaries, it is trans- 
ported through the cardiovascular system to the lungs. At the arterial 
end of the pulmonary eapillaries, the Pco 2 is 45 mm Hg. Because the 
Pco 2 is approximately 40 mm Hg in the alveoli, earbon dioxide diffiases 
from the pulmonary eapillaries into the alveoli. At the venous end of the 
pulmonary eapillaries, the Pco 2 has again deereased to 40 mm Hg. 

39 Deseribe the partial pressures of oxygen and earbon dioxide in the 
alveoli, lung eapillaries, tissue eapillaries, and tissues. How do these 
partial pressures account for the movement of oxygen and earbon 
dioxide between air and blood and between blood and tissues? 

40 What is shunted blood? 


Prediet 

During exercise, the movement of oxygen into skeletal muscle eells and the 
movement of earbon dioxide out of skeletal muscle eells inereases. Explain 
howthis happens. 




Hemoglobin and Oxygen Transport 

Approximately 98.5% of the oxygen transported in the blood from 
the lungs to the tissues is transported in eombination with hemoglo- 
bin in red blood eells, and the remaining 1.5% is dissolved in the 
water part of the plasma. The eombination of oxygen with hemoglo- 
bin is reversible. In the pulmonary eapillaries, oxygen binds to hemo- 
globin; in the tissue spaees, oxygen diffiases away from hemoglobin 
and enters the tissues. 

Effeet of Po 2 

The oxygen—hemoglobin dissoeiation curve deseribes the pereent 
saturation of hemoglobin in the blood at different blood P 02 val- 
ues. Hemoglobin is 100% saturated with oxygen when four oxygen 
molecules are bound to eaeh hemoglobin molecule in the blood. 
There are four heme groups in a hemoglobin molecule (see ehap- 
ter 16), and an oxygen molecule is bound to eaeh heme group. 
Hemoglobin is 50% saturated with oxygen when there is an average 
of two oxygen molecules bound to eaeh hemoglobin molecule. 

The P 02 in the blood leaving the pulmonary eapillaries is nor- 
mally 104 mm Hg. At that partial pressure, hemoglobin is 98% 
saturated (figure 20.14<7). Deereases in the P 02 in the pulmonary 
eapillaries have a relatively small effeet on hemoglobin saturation, 
as shown by the fairly flat shape of the upper part of the oxygen- 
hemoglobin dissoeiation curve. Even if the blood P 02 deereases from 
104 mm Hg to 60 mm Hg, hemoglobin is still 90% saturated. 
Hemoglobin is very effeetive at pieking up oxygen in the lungs, even 
if the P 02 in the pulmonary eapillaries deereases signifieantly. 

In a resting person, the normal blood P 02 leaving the tissue 
eapillaries is 40 mm Hg and hemoglobin is 75% saturated. Thus, 
23% (98% - 75%) of the oxygen pieked up in the lungs is released 
from hemoglobin and diffiases into the tissues (figure 20.14^). The 
75% of oxygen still bound to the hemoglobin is an oxygen reserve, 
which ean be released if blood P 02 deereases fiirther. In the tissues, a 


relatively small ehange in blood P 02 results in a relatively large 
ehange in hemoglobin saturation, as shown by the steep slope of the 
oxygen—hemoglobin dissoeiation curve. For example, during vigor- 
ous exercise, the P 02 in skeletal muscle eapillaries ean deeline to 
levels as low as 15 mm Hg because of the inereased use of oxygen 
during aerobie respiration in skeletal muscle eells (see ehapter 8). At 
a P 02 of 15 mm Hg, hemoglobin is only 25% samrated, resulting in 
the release of 73% (98% - 25%) of the oxygen pieked up in the 
lungs (figure 20.l4c). Thus, as tissues use more oxygen, hemoglobin 
releases more oxygen to those tissues. 

Effeet of pH, PC0 2 , and Temperature 

In addition to P 02 , blood pH, Pco 2 , and temperature influence the 
degree to which oxygen binds to hemoglobin (figure 20.15). As the 
pH of the blood deelines, the amount of oxygen bound to hemoglo- 
bin at any given P 02 also deelines. This occurs because deereased pH 
results from an inerease in H + , and the H + eombine with the protein 
part of the hemoglobin molecule and ehange its three-dimensional 
structure, causing a deerease in the hemoglobin’s ability to bind oxy- 
gen. Conversely, an inerease in blood pH results in an inerease in 
hemoglobin’s ability to bind oxygen. The effieet of pH on the oxygen— 
hemoglobin dissoeiation curve is ealled the Bohr effeet, after its dis- 
eoverer, Christian Bohr. 

An inerease in Pco 2 also deereases hemoglobin’s ability to bind 
oxygen because of the effieet of earbon dioxide on pH. Within red 
blood eells, an enzyme ealled earbonie anhydrase eatalyzes this 
reversible reaetion. 


Carbonic 

anhydrase 

co 2 + h 2 o c h 2 co 3 e h + + hco 3 - 

Carbon Water Carbonic Hydrogen Biearbonate 
dioxide aeid ion ion 

As earbon dioxide levels inerease, more H + are produced, and the 
pH deelines. As earbon dioxide levels deeline, the reaetion proeeeds 
in the opposite direetion, resulting in a deerease in H + eoneentration 
and an inerease in pH. Thus, ehanges in earbon dioxide levels indi- 
reetly produce a Bohr effieet by altering pH. In addition, earbon 
dioxide ean direetly affeet hemoglobins ability to bind oxygen, to a 
small extent. When earbon dioxide binds to the a- and (3-globin 
ehains of hemoglobin (see ehapter 16), hemoglobin’s ability to bind 
with oxygen deereases. 


Prediet 

Prediet how the pH of the blood in a sprinter ehanges during a 400-meter raee. 
How does the pH ehange affeet 0 2 delivery to skeletal muscles? 


12 


As blood passes through tissue eapillaries, earbon dioxide enters 
the blood from the tissues. As a consequence, blood earbon dioxide 
levels inerease, pH deereases, and hemoglobin has less affinity for 
oxygen in the tissue eapillaries. Therefore, a greater amount of oxygen 
is released in the tissue eapillaries than would be released if earbon 
dioxide were not present. When blood is returned to the lungs and 
passes through the pulmonary eapillaries, earbon dioxide leaves the 
eapillaries and enters the alveoli. As a result, earbon dioxide levels in 
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(e) Tissue during exercise. At a Po 2 of 

15 mm Hg in a tissue diiring exercise, 
hemoglobin ean be 25% saturated with 
oxygen and 73% of the oxygen pieked up 
in the lungs is released to the tissue. It is 
like emptying most of the glass. 

Figlire 20.14 Oxygen-Hemoglobin Dissoeiation Curve 

The oxygen-hemoglobin dissoeiation curve shows the pereent saturation of hemoglobin as a function of Po 2 .The ability of hemoglobin to piek up oxygen in the lungs 
and release it in the tissues is like a glass filling and emptying. 


the pulmonary eapillaries are reduced, pH inereases, and hemoglo- 
bin’s affinity for oxygen inereases. 

An inerease in temperature also deereases oxygen’s tendeney to 
remain bound to hemoglobin. Elevated temperatures resulting from 
inereased metabolism, therefore, inerease the amount of oxygen 
released into the tissues by hemoglobin. In less metabolieally aetive 
tissues in which the temperamre is lower, less oxygen is released from 
hemoglobin. 

When hemoglobin’s affinity for oxygen deereases, the oxygen— 
hemoglobin dissoeiation curve is shifted to the right, and hemoglo- 
bin releases more oxygen (see figure 20.15<f). During exercise, when 
earbon dioxide and aeidie substances, such as laetie aeid, accumu- 
late and the temperature inereases in the tissue spaees, the oxygen- 
hemoglobin curve shifts to the right. Under these eonditions, as 


much as 75%—85% of the oxygen is released from the hemoglobin. 
In the lungs, however, the curve shifts to the left because of the 
lower earbon dioxide levels, lower temperature, and lower laetie 
aeid levels. Hemoglobins affinity for oxygen, therefore, inereases, 
and it beeomes easily saturated (see figure 20.15^). 

During resting eonditions, approximately 5 mL of oxygen are 
transported to the tissues in eaeh 100 mL of blood, and eardiae out- 
put is approximately 5000 mL/min. Consequently, 250 mL of oxy- 
gen are delivered to the tissues eaeh minute. During exercise, this 
value ean inerease up to 15 times. Oxygen transport ean be inereased 
threefold because of a greater degree of oxygen release from hemoglo- 
bin in the tissue eapillaries, and the rate of oxygen transport is 
inereased another five times because of the inerease in eardiae output. 
Consequently, the volume of oxygen delivered to the tissues ean be 
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Po 2 in tissue 


(a) In the tissues, the oxygen-hemoglobin dissoeiation curve shifts to the right. 

As pH deereases, Pco 2 inereases, or temperature inereases, the curve 
( red) shifts to the right (blue), resulting in an inereased release of oxygen. 



Po 2 in lungs 


(b) In the lungs, the oxygen-hemoglobin dissoeiation curve shifts to the left. 

As pH inereases, Pco 2 deereases, or temperature decreases,the curve 
(blue) shifts to the left ( red ), resulting in an inereased ability of 
hemoglobin to piek up oxygen. 


Figure 20.15 Effeets of Shifting the Oxygen-Hemoglobin Dissoeiation Curve 


as high as 3750 mL/min (15 X 250 mL/min). Highly trained ath- 
letes ean inerease this volume to as high as 5000 mL/min. 

41 Name two ways that oxygen is transported in the blood, and state the 
pereentage of total oxygen transportfor which eaeh is responsible. 

42 How does the oxygen-hemoglobin dissoeiation curve explain the 
uptake of oxygen in the lungs and the release of oxygen in tissues? 

43 What is the Bohr effeet? How is it related to blood earbon dioxide? 

44 Why is it advantageous for the oxygen-hemoglobin dissoeiation 
curve to shift to the left in the lungs and to the right in tissues? 


Prediet 

ln earbon monoxide (CO) poisoning, CO binds to hemoglobin, thereby deereas- 
ing the uptake of oxygen by hemoglobin. In addition, when CO binds to hemo- 
globin, the oxygen-hemoglobin dissoeiation curve shifts to the left. What are 
the consequences of this shift on the ability of tissues to get oxygen? Explain. 
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Transport of earbon Dioxide 

Carbon dioxide is transported in the blood in three ways: approxi- 
mately 7% as earbon dioxide dissolved in the plasma, approximately 
70% in the form of HC 03 _ dissolved in plasma and in red blood 
eells, and approximately 23% bound to hemoglobin. 

earbon Dioxide Exchange in Tissiies 

Carbon dioxide diffuses from tissues into the plasma of blood (fig- 
ure 20.16a). Most of the earbon dioxide diffuses into red blood eells, 
but approximately 7% of it is transported dissolved in the plasma. 
Carbon dioxide inside red blood eells reaets with water to form 


earbonie aeid, a reaetion eatalyzed by earbonie anhydrase. Carbonic 
aeid then dissoeiates to form HC 03 _ and H + . Approximately 70% 
of blood earbon dioxide is transported in the form of HC 03 _ . 

Removing HC 03 _ from inside the red blood eells promotes 
earbon dioxide transport because, as HC 03 _ eoneentration deereases, 
more earbon dioxide eombines with water to form additional 
HC 03 _ and H + (see “Reversible Reaetions,” ehapter 2). In a proeess 
ealled ehloride shifìt (see figure 20.16a, step 4), antiporters exchange 
Cl _ for HC 03 _ . This exchange maintains eleetrieal balanee in the 
red blood eells and plasma as HC 03 _ diffiise out of, and Cl _ diffuse 
into, red blood eells. 

Hydrogen ions bind to hemoglobin (see figure 20.16a, step 6). 
As a result, three effeets are produced: (1) The transport of earbon 
dioxide inereases because, as H + eoneentration deereases, more 
earbon dioxide eombines with water to form additional HC 03 _ 
and H + ; (2) the pH inside the red blood eells does not deerease 
because hemoglobin is a buffer, preventing an inerease in H + 
eoneentration; and (3) the affinity of hemoglobin for oxygen 
deereases. Hemoglobin releases oxygen in tissue eapillaries because 
of deereased P 02 (see figure 20.14). Hemoglobin’s deereased affin- 
ity for oxygen results in a shift of the oxygen—hemoglobin curve 
to the right (the Bohr effeet) (see figure 20.15a) and an inerease 
in the release of oxygen from hemoglobin. 

Approximately 23% of blood earbon dioxide is transported 
bound to hemoglobin. Many earbon dioxide molecules bind in a 
reversible fashion to the a- and (3-globin ehains of hemoglobin 
molecules (see figure 20.16a, step 7). Carbon dioxide’s ability to 
bind to hemoglobin is affeeted by the amount of oxygen bound 
to hemoglobin. The smaller the amount of oxygen bound to 
hemoglobin, the greater the amount of earbon dioxide that ean 























1. In the tissiies, earbon dioxide (C0 2 ) 
diffuses into the plasma and into red blood 
eells. Some of the earbon dioxide remains 
in the plasma. 

2. In red blood eells, earbon dioxide reaets 
with water (H 2 0) to form earbonie aeid 
(H 2 C0 3 ) in a reaetion eatalyzed by the 
enzyme earbonie anhydrase (CA). 

3. Carbonic aeid dissoeiates to form 
biearbonate ions (HC0 3 _ ) and hydrogen 
ions (H + ). 

4. In the ehloride shift, as HC0 3 _ move out of 
the red blood eells, eleetrieal neutrality is 
maintained by the movement of ehloride 
ions (Cl“) into them. 

5. Oxygen (0 2 ) is released from hemoglobin 
(Hb). Oxygen diffuses out of red blood eells 
and plasma into the tissue. 

6. Hydrogen ions eombine with hemoglobin, 
which promotes the release of oxygen from 
hemoglobin (Bohr effeet). 

7. Carbon dioxide eombines with hemoglobin 
Hemoglobin that has released oxygen 
readily eombines with earbon dioxide 
(Haldane effeet). 
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(a) Gas exchange in the tissues 


1. In the lungs, earbon dioxide (C0 2 ) diffuses 
from red blood eells and plasma into the 
alveoli. 

2. Carbonic anhydrase eatalyzes the 
formation of C0 2 and H 2 0 from H 2 C0 3 . 

3. Biearbonate ions and H + eombine to 
replaee H 2 C0 3 . 

4. In the ehloride shift, as HC0 3 “ move into 
red blood eells, eleetrieal neutrality is 
maintained by the movement of ehloride 
ions (Cl“) out of them. 

5. Oxygen diffuses into the plasma and into 
red blood eells. Some of the oxygen 
remains in the plasma. Oxygen binds to 
hemoglobin. 

6. Hydrogen ions are released from 
hemoglobin, which promotes the uptake of 
oxygen by hemoglobin (Bohr effeet). 

7. Carbon dioxide is released from 
hemoglobin. Hemoglobin that is bound to 
oxygen readily releases earbon dioxide 
(Haldane effeet). 


Alveolus 


Capillary wall 



(b) Gas exchange in the lungs 


Proeess Figure 20.16 Gas Exchange ap r 
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bind to it, and viee versa. Tbis relationship is ealled the Haldane 
effeet. In tissues, as hemoglobin releases oxygen, the hemoglobin 
has an inereased ability to piek up earbon dioxide. 

earbon Dioxide Exchange in the Lungs 

Carbon dioxide difhases from red blood eells and plasma into the 
alveoli (figure 20.16^). As earbon dioxide levels in the red blood 
eells deerease, earbonie aeid is eonverted to earbon dioxide and 
water. In response, HC 03 _ join with H + to form earbonie aeid. As 
HC 03 _ and H + eoneentrations deerease because of this reaetion, 
HC 03 _ enter red blood eells in exchange for Cl _ and H + are 
released from hemoglobin. Hemoglobin pieks up oxygen in pulmo- 
nary eapillaries because of inereased P 02 (see figure 20.14). The 
release of H + from hemoglobin inereases hemoglobin’s affinity for 
oxygen, resulting in a shift of the oxygen—hemoglobin curve to the 
left (Bohr effeet) (see figure 20.15^). Oxygen from the alveoli dif- 
fuses into the pulmonary eapillaries and into the red blood eells, 
and it binds with hemoglobin. Carbon dioxide is released from 
hemoglobin and diffuses out of the red blood eells into the alveoli. 
As hemoglobin binds to oxygen, it more readily releases earbon 
dioxide (Haldane effeet). 

earbon Dioxide and Blood pH 

BloodpH refers to the pH in plasma, not inside red blood eells. In 
plasma, earbon dioxide ean eombine with water to form earbonie 
aeid, a reaetion that is eatalyzed by earbonie anhydrase on the surface 
of eapillary endothelial eells. The earbonie aeid then dissoeiates to 
form HC 03 _ and H + . Thus, as plasma earbon dioxide levels 
inerease, H + levels inerease and blood pH deereases. An important 
fimetion of the respiratory system is to regulate blood pH by ehang- 
ing plasma earbon dioxide levels (see ehapter 23). Hyperventilation 
deereases plasma earbon dioxide, and hypoventilation inereases it. 

45 What is the effeet of lovvering HC0 3 _ eoneentrations inside red blood 
eells on earbon dioxide transport? What is the ehloride shift, and vvhat 
does it aeeomplish? 

46 Name three effeets produced by H + binding to hemoglobin. 

47 What is the Haldane effeet? 

48 What effeet does blood earbon dioxide level have on blood pH? 


Prediet 

What effeet do hyperventilation and holding one's breath have on blood pH? 
Explain. 




20.7 Regiilation of ventilation 

Resp ratory Areas in the Brainstem 

The medullary respiratory eenter eonsists of the dorsal respiratory 
group, eonsisting of two longitudinal columns of eells loeated bilat- 
erally in the dorsal part of the medulla oblongata, and the ventral 
respiratory group, eonsisting of two longimdinal columns of eells 
loeated bilaterally in the ventral part of the medulla oblongata (fig- 
ure 20.17). The dorsal respiratory group reeeives sensory input from 


peripheral ehemoreeeptors and streteh reeeptors in the lungs. It eom- 
municates with the ventral respiratory group and primarily promotes 
eontraetion of muscles during inspiration. The ventral respiratory 
group promotes muscle eontraetions during inspiration and expira- 
tion. A part of the ventral respiratory group establishes the basie 
rhythm of ventilation. 

The pontine respiratory group is a eolleetion of neurons in the 
pons (see figure 20.17). It has eonneetions with the medullary respi- 
ratory eenter and appears to play a role in the switching between 
inspiration and expiration. 

49 Name the three respiratory groups and deseribe their main fimetions. 


Phrenie 

nerve 



Pons 

Pontine respiratory 
group 


Dorsal 

respiratory 

group 

Ventral 

respiratory 

group 


Medullary 

respiratory 

eenter 


Medulla oblongata 


Medial view of brainstem 


Spinal eord 


Internal intereostal 
muscles (involved 
in expiration) 


intereostal 

nerves 


External intereostal 
muscles (involved 
in inspiration) 


Diaphragm 
(involved in 
inspiration) 


Anterior view 


Figlire 20.17 Respiratory Structures in the Brainstem 

The relationship of respiratory structures to eaeh other and to the nerves 
innervating the muscles of respiration. 


















632 


ehapter 20 


Generation of Rhythmie Ventilat on 

One explanation for the generation of rhythmie ventilation involves 
the integration of stimuli that start and stop inspiration: 

1. Starting inspiration. Neurons in the medullary respiratory 
eenter spontaneously establish the basie rhythm of ventilation. 
The medullary respiratory eenter eonstantly reeeives stimulation 
from reeeptors that monitor blood gas levels, blood 
temperature, and the movements of muscles and joints. In 
addition, stimulation from the parts of the brain eoneerned 
with voluntary respiratory movements and emotions ean occur. 
Inspiration starts when the eombined input from all these 
sources causes the production of aetion potentials in the 
neurons that stimulate respiratory muscles. 

2. inereasing inspiration. Onee inspiration begins, more and more 
neurons are gradually aetivated. The result is progressively 
stronger stimulation of the respiratory muscles, which lasts for 
approximately 2 seeonds. 


3. Stopping inspiration. The neurons stimulating the muscles 
of respiration also stimulate the neurons in the medullary 
respiratory eenter that are responsible for stopping inspiration. 
The neurons responsible for stopping inspiration also reeeive 
input from the pontine respiratory group, streteh reeeptors in 
the lungs, and probably other sources. When these inhibitory 
neurons are aetivated, they cause the neurons stimulating 
respiratory muscles to be inhibited. Relaxation of respiratory 
muscles results in expiration, which lasts approximately 3 
seeonds. The next inspiration begins again at step 1. 

50 How is rhythmie ventilation generated? 

eerebral and Limbie System eontrol 

Through the eerebral cortex, it is possible to consciously or uncon- 
sciously inerease or deerease the rate and depth of the respiratory 
movements (figure 20.18). For example, during talking or singing, 
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Figure 20.18 Major Regulatory Meehanisms of Ventilation 

A plus sign indieates an inerease in ventilation, and a minus sign indieates a deerease in ventilation. 
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air movement is eontrolled to produce sounds, as well as to faeilitate 
gas exchange. 

Apnea (ap'nè-à) is the absenee of breathing. A person may stop 
breathing voluntarily. As the period of voluntary apnea inereases, a 
greater and greater urge to breathe develops. That urge is primarily 
assoeiated with inereasing Pco 2 levels in the arterial blood. Finally, 
the Pco 2 reaehes levels that cause the respiratory eenter to override 
the conscious influence from the eerebmm. 

Emotions aeting through the limbie system of the brain ean 
also affeet the respiratory eenter (see figure 20.18). For example, 
strong emotions ean cause hyperventilation or produce the sobs 
and gasps of erying. 

51 Deseribe eerebral and limbie system eontrol of ventilation. 


ehemieal eontrol of Vent latíon 

The respiratory system maintains blood oxygen and earbon dioxide 
eoneentrations and blood pH within a normal range of values. A 
deviation in any of these parameters from their normal range has a 
marked influence on respiratory movements. The effeet of ehanges in 
oxygen and earbon dioxide eoneentrations and in pH is superim- 
posed on the neural meehanisms that establish rhythmie ventilation. 

ehemoreeeptors 

Chemoreceptors are speeialized neurons that respond to ehanges 
in ehemieals in solution. The ehemoreeeptors involved in the regu- 
lation of respiration respond to ehanges in hydrogen ion eoneentra- 
tions, ehanges in P 02 , or both (see figure 20.18 and figure 20.19). 
Central ehemoreeeptors are loeated bilaterally and ventrally in the 
ehemosensitive area of the medulla oblongata, and they are eonneeted 



Medullary, earotid body, and aortie body 
ehemoreeeptors deteet an inerease in blood pH 
(often caused by a deerease in blood C0 2 ). 
Deereased stimulation of respiratory areas of 
the brain results in deereased ventilation. 
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Deereased ventilation inereases blood C0 2 , 
which causes a deerease in blood pH. 
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Medullary, earotid body, and aortie 
body ehemoreeeptors deteet a 
deerease in blood pH (often caused 
by an inerease in blood C0 2 ). 
inereased stirrmlation of respiratory 
areas of the brain results in 
inereased ventilation. 



inereased ventilation deereases blood C0 2 , 
which causes an inerease in blood pH. 


Homeostasis Figure 20.19 siimmary of the Regulation of Blood pH and Gases. 
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to the respiratory eenter. Peripheral ehemoreeeptors are found in 
the earotid and aortie bodies. These structures are small vascular 
sensory organs, which are encapsulated in eonneetive tissue and 
loeated near the earotid sinuses and the aortie areh (see ehapter 18). 
The respiratory eenter is eonneeted to the earotid body ehemore- 
eeptors through the glossopharyngeal nerve (IX) and to the aortie 
body ehemoreeeptors by the vagus nerve (X). 

Effeet of pH 

The ehemosensitive area of the medulla oblongata and the earotid 
and aortie bodies respond to ehanges in blood pH. The ehemosen- 
sitive area responds indireetly to ehanges in blood pH, whereas the 
earotid and aortie bodies respond direetly. Hydrogen ions do not 
easily eross the blood-brain barrier (see ehapter 11) to affeet the 
ehemosensitive area, but they do easily eross from the blood to the 
earotid and aortie bodies. 

The ehemosensitive area deteets ehanges in blood pH through 
ehanges in blood earbon dioxide, which easily diffhses aeross the 
blood-brain barrier. For example, if blood earbon dioxide levels 
inerease, earbon dioxide diffhses aeross the blood-brain barrier into 
the eerebrospinal fluid. The earbon dioxide eombines with water to 
form earbonie aeid, which dissoeiates into H + and HC 03 _ . The 
inereased eoneentration of H + lowers the pH and stimulates the 
ehemosensitive area, which then stimulates the respiratory eenter, 
resulting in a greater rate and depth of breathing. Consequently, 
earbon dioxide levels deerease as earbon dioxide is eliminated from 
the body and blood pH inereases to normal levels. 

Maintaining body pH levels within normal parameters is neees- 
sary for the proper flmetioning of eells. Because ehanges in earbon 
dioxide levels ean ehange pH, the respiratory system plays an impor- 
tant role in aeid—base balanee. For example, if blood pH deereases, 
the respiratory eenter is stimulated, resulting in the elimination of 
earbon dioxide and an inerease in blood pH baek to normal levels. 
Conversely, if blood pH inereases, the respiratory rate deereases and 
earbon dioxide levels inerease, causing blood pH to deerease baek to 
normal levels. The role of the respiratory system in maintaining pH 
is eonsidered in greater detail in ehapter 23. 


CASE STIIDY 


Asthma 


Will is an 18-year-old traek athlete in seemingly good health. Despite 
suffering from a slight eold, Will went jogging one morning with his 
mnning buddy, Al. After a few minutes of exercise, Will felt that he could 
hardly get enough air. Even though he stopped jogging, he continued 
to breathe rapidly and wheeze forcefully. Because his eondition was not 
improving, Al took him to the emergeney room of a nearby hospital. 

The emergeney room doetor used a stethoseope to listen to air 
movement in WiH's lungs and noted that movement was poor. In 
addition, she ordered an arterial blood gas measurement for Will. He 
had a P 02 of 60 mm Hg and a Pco 2 of 30 mm Hg. Although Will had 
no previous history of asthma, the emergeney room doetor was 
eonvineed that he was having an asthma attaek. 

Asthma is eharaeterized by airway inflammation, which episodi- 
eally results in shortness of breath, coughing, and wheezing due to 
bronehoeonstrietion. Bronehoeonstrietion deereases eomplianee, 


which makes expansion of the lungs more difficult. An asthma attaek 
ean be provoked by viral infeetions, exercise, or exposure to environ- 
mental irritants, such as pollen or eigarette smoke (see"Asthma and 
Cystic Fibrosis" p. 616). 


Prediet 


15 


a. Are VVill's arterial blood gas values above or below normal (see 
figure 20.13)? 

b. Why did the asthma attaek cause Will to breathe more rapidly (see 
figure 20.19)? 

e. Why did the asthma attaek cause Will to wheeze forcefully? 

d. Did Will's rapid, forceful wheezing restore homeostasis? Explain. 

e. Explain Will's arterial blood Po 2 and Pco 2 values. 

f. Is Will's blood pH lower or higher than normal? What effeet does this 
blood pH normally have on respiration rate? Why didn't that happen? 

g. Explain how p-adrenergie agents (see"The lnfluence of Drugs on the 
Autonomic Nervous System/'ehapter 14) or inhaled glucocorticoids 
(see ehapter 15) ean help Will. 



Effeet of earbon Dioxide 

Blood earbon dioxide levels are a major regulator of respiration during 
resting eonditions and eonditions when the earbon dioxide levels are 
elevated—for example, during intense exercise. Even a small inerease 
in earbon dioxide in the circulatory system triggers a large inerease in 
the rate and depth of ventilation. An inerease in Pcc >2 of 3 mm Hg, for 
example, causes an inerease in ventilation of 100%. A greater-than- 
normal amount of earbon dioxide in the blood is ealled hypereapnia 
(hl-per-kap'nè-à). Conversely, lower-than-normal earbon dioxide 
levels, a eondition ealled hypoeapnia (hl-pò-kap'nè-à), result in peri- 
ods in which respiratory movements are reduced or do not occur. 


Prediet 

Explain why a person who breathes rapidly and deeply (hyperventilates) for 
several seeonds experiences a short period during which respiration does not 
occur (apnea) before normal breathing resumes. 




The ehemoreeeptors in the ehemosensitive area of the medulla 
oblongata and in the earotid and aortie bodies respond to ehanges in 
earbon dioxide because of the effeets of earbon dioxide on blood pH 
(see figure 20.19). The ehemosensitive area in the medulla oblongata 
is far more important for the regulation of Pco 2 and pH than are the 
earotid and aortie bodies. The earotid and aortie bodies are respon- 
sible for, at most, 15%—20% of the total response to ehanges in Pco 2 
or pH. During intense exercise, however, the earotid bodies respond 
more rapidly to ehanges in blood pH than does the ehemosensitive 
area of the medulla. 

Effeet of Oxygen 

Changes in P 02 ean affeet respiration (see figure 20.19), although Pco 2 
levels deteeted by the ehemosensitive area are responsible for most of the 
ehanges in respiration. A deerease in oxygen levels below normal values 
is ealled hypoxia (hl-pok'sè-à). Within a normal range of P 02 levels, the 
effeet of oxygen on the regulation of respiration is small. Only after 
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arterial P 02 deereases to approximately 50% of its normal value does it 
begin to have a large stimulatory effeet on respiratory movements. 

At first, it is somewhat surprising that small ehanges in P 02 do 
not cause ehanges in respiratory rate. Consideration of the oxygen— 
hemoglobin dissoeiation curve, however, provides an explanation. 
Because of the S shape of the curve, at any P 02 above 80 mm Hg 
nearly all of the hemoglobin is samrated with oxygen. Consequently, 
until P 02 levels ehange signifieantly, there is little effeet on the 
oxygen-carrying eapaeity of the blood. 

The earotid and aortie body ehemoreeeptors respond to deereased 
P 02 with inereased stimulation of the respiratory eenter, which ean keep 
it aetive despite deereasing oxygen levels. If P 02 deereases sufficiently, 
however, the respiratory eenter ean fail to fiinetion, resulting in death. 


i 



importanee of Reduced Po 2 

Carbon dioxide is much more important than oxygen as a regula- 
tor of normal alveolar ventilation, but under eertain circumstances a 
reduced Po 2 in the arterial blood plays an important stimulatory role. 
During eonditions of shoek in which blood pressure is very low, the 
Po 2 in arterial blood ean drop to levels sufficiently low to strongly 
stimulate earotid and aortie body sensory reeeptors. At high alti- 
tudes where atmospherie pressure is low, the Po 2 in arterial blood 
ean also drop to levels sufficiently low to stirrmlate earotid and aortie 
bodies. Although Po 2 levels in the blood are reduced, the respiratory 
system's ability to eliminate earbon dioxide is not greatly affeeted by 
low atmospherie pressure.Thus, blood earbon dioxide levels beeome 
lower than normal because of the inereased alveolar ventilation initi- 
ated in response to low Po 2 . 

In people with emphysema, the destmetion of the respiratory 
membrane results in deereased oxygen movement into the blood. 
The resulting low arterial Po 2 levels stimulate an inereased rate and 
depth of ventilation. At fìrst, arterial Pco 2 levels may be unaffected by 
the reduced surface area of the respiratory membrane because ear- 
bon dioxide diffuses aeross the respiratory membrane 20 times more 
readily than does oxygen. However, if alveolar ventilation inereases 
to the point that earbon dioxide exchange inereases above normal, 
arterial earbon dioxide beeomes lower than normal. More severe 
emphysema, in which the surface area of the respiratory membrane 
is reduced to a minirrmm, ean deerease earbon dioxide exchange to 
the point that elevated arterial earbon dioxide occurs. 


52 Define eentrolehemoreeeptors and peripherolehemoreeeptors. Which 
are most important for the regulation of blood pH and earbon dioxide? 

53 Define hypereopnio and hypoeopnio. 

54 VVhat effeet does a deerease in blood pH or earbon dioxide have on 
respiratory rate? 

55 Define hypoxio. VVhy must arterial Po 2 ehange signifieantly before it 
affeets respiratory rate? 

Hering-Breuer Reflex 

Tfie Hering-Breuer (her'ing-broy'er) reflex limits the degree to which 
inspiration proeeeds and prevents overinflation of the lungs (see fig- 
ure 20.18). As the lungs fill with air, streteh reeeptors in the lungs are 


stimulated. Aetion potentials from the lung streteh reeeptors propagate 
to the medulla oblongata, where they inhibit the respiratory eenter neu- 
rons and cause expiration. In infants, the Hering-Breuer reflex plays an 
important role in regulating the basie rhythm of breathing and in pre- 
venting overinflation of the lungs. In adults, however, the reflex is impor- 
tant only when the tidal volume is large, such as during heavy exercise. 

56 Deseribe the Hering-Breuer reflex and its function. 

Effeet of Exercise on Ventilation 

The meehanisms by which ventilation is regulated during exercise are 
eontroversial, and no one faetor ean account for all of the observed 
responses. Ventilation during exercise is divided into two phases: 

1. Ventilation inereases abmptly. At the onset of exercise, ventilation 
immediately inereases. This initial inerease ean be as much as 50% 
of the total inerease that occurs during exercise. The immediate 
inerease in ventilation occurs too quickly to be explained by 
ehanges in metabolism or blood gases. At the same time that the 
motor cortex stimulates skeletal muscle eontraetions, eollateral 
branehes from motor pathways stimulate the respiratory eenter. In 
addition, input from proprioeeptors in muscles and joints 
stimulates the respiratory eenter (see figure 20.18). 

2. Ventilation inereases gradually. After the immediate inerease in 
ventilation, a gradual inerease occurs and levels off within 4—6 
minutes after the onset of exercise. Faetors responsible for the 
immediate inerease in ventilation may play a role in the gradual 
inerease as well. 

Despite large ehanges in oxygen consumption and earbon 
dioxide production during exercise, the average arterial P 02 , 
Pco 2 , and pH remain eonstant and elose to resting levels as long 
as the exercise is aerobie (see ehapter 8). This suggests that 
ehanges in blood gases and pH do not play an important role 
in regulating ventilation during aerobie exercise. During 
exercise, however, the values of arterial P 02 , Pco 2 , and pH 
rise and fall more than at rest. Thus, even though their 
average values do not ehange, their oseillations may be a 
signal for helping eontrol ventilation. 

The highest level of exercise that ean be performed without 
causing a signifieant ehange in blood pH is ealled the 
anaerobie threshold. If the exercise intensity is high enough to 
exceed the anaerobie threshold, skeletal muscles produce and 
release laetie aeid into the blood. The resulting ehange in blood 
pH stimulates the earotid bodies, resulting in inereased 
ventilation. In faet, ventilation ean inerease so much that 
arterial Pco 2 deereases below resting levels and arterial P 02 
inereases above resting levels. 

57 What meehanisms regulate ventilation at the onset of exercise and 
during exercise? What is the anaerobie threshold? 

Other Mod f eations of Ventilation 

The aetivation of touch, thermal, and pain reeeptors ean also affeet 
the respiratory eenter (see figure 20.18). For example, irritants in the 
nasal eavity ean initiate a sneeze reflex, and irritants in the lungs ean 
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Bronehitis (brong-kì'tis) is an 
inflammation of the bronehi caused by irri- 
tants, such as eigarette smoke, air pollution, 
or infeetions. The inflammation results in 
svvelling of the mucous membrane lining 
the bronehi, inereased mucus production, 
and deereased movement of mucus by eilia. 
Consequently, the diameter of the bronehi 
is deereased, and ventilation is impaired. 
Bronehitis ean progress to emphysema. 

Emphysema (em-fi-zé'mà) results in the 
destruction of the alveolar vvalls. Many smok- 
ers have both bronehitis and emphysema, 
vvhieh are often referred to as ehronie 
obstructive pulmonary disease (COPD). 
Chronic inflammation of the bronehioles, usu- 
ally caused by eigarette smoke or air pollution, 
probably initiates emphysema. Narrovving of 
the bronehioles restriets air movement, and 
air tends to be retained in the lungs. Coughing 
to remove accumulated mucus inereases 
pressure in the alveoli, resulting in the rupture 
and destmetion of alveolar vvalls. Loss of alve- 
olar vvalls has tvvo important consequences. 
The respiratory membrane has a deereased 
surface area, vvhieh deereases gas exchange, 
and loss of elastie fibers deereases the lung's 
ability to reeoil and expel air. Symptoms of 
emphysema include shortness of breath and 
enlargement of the thoraeie eavity.Treatment 
involves removing the sources of irritants (e.g., 
stopping smoking), promoting the removal of 
bronehial seeretions, using bronehodilators, 
retraining people to breathe so that expira- 
tion of air is maximized, and using antibioties 
to prevent infeetions.The progress of emphy- 
sema ean be slovved, but no cure exists. 

Alpha-1 antitrypsin (AAT) defìeieney is 
a type of emphysema resulting from defeets 


Disorders of the Bronehi and Lungs 


of the AAT gene loeated on ehromosome 14. 
Although eigarette smoking is the major risk 
faetor for emphysema, approximately 
1%-2% of emphysema eases are due to a 
defìeieney of AAT. As part of the inflamma- 
tory response, neutrophils and maerophages 
release proteases, vvhieh are enzymes that 
break dovvn proteins. Proteases in the lungs 
provide proteetion against some baeteria 
and foreign substances. Too much protease 
aetivity, hovvever, ean be harmful because it 
results in the breakdovvn of lung tissue pro- 
teins, espeeially elastin in elastie fibers. AAT, 
vvhieh is synthesized in the liver, is a protease 
inhibitor. Normally, AAT inhibits protease 
aetivity, preventing the destruction of lung 
tissue. Excess protease production stimu- 
lated by eigarette smoke, hovvever, ean cause 
lung damage, leading to emphysema. In 
addition to the usual treatment for emphy- 
sema, AAT defieieney ean be treated vvith 
drugs, such as danazol and tamoxifen, that 
stimulate inereased AAT production in the 
liver. In addition, individuals may reeeive 
intravenous infusions of AAT, a proeess ealled 
alpha-1 antitrypsin augmentation. 

Adult respiratory distress syndrome 
(ARDS) is caused by damage to the respira- 
tory membrane. The damage stimulates an 
inflammatory response, vvhieh further dam- 
ages the respiratory membrane. Water, ions, 
and proteins leave the blood and enter alve- 
oli. Surfactant in the alveoli is reduced as 
surfactant-producing eells are damaged and 
surfactant present in the alveoli is diluted. 
The fluid-fìlled alveoli reduce gas exchange 
and make it more diffkult for the lungs to 
expand. ARDS usually develops rapidly fol- 
lovving an injurious event, such as an infee- 


tion, inhalation of smoke from a fìre, 
inhalation of toxic fumes, trauma, aspiration 
of gastrie eontent assoeiated vvith gastrie 
reflux, or circulatory shoek. Even vvith oxygen 
inhalation therapy, the mortality rate is high. 

Pulmonary fìbrosis is the replaeement 
of lung tissue vvith fìbrous eonneetive tissue, 
thereby making the lungs less elastie and 
breathing more diffìcult. Exposure to asbes- 
tos, siliea (silieosis), or eoal dust is the most 
eommon cause. 

Lung, or bronehiogenie, eaneer arises 
from the epithelium of the respiratory traet. 
Cancers arising from tissues other than respi- 
ratory epithelium are not ealled lung eaneer, 
even though they occur in the lungs. Lung 
eaneer is the most eommon cause of eaneer 
death in males and females in the Llnited 
States, and most eases occur in smokers or 
those exposed to seeondhand smoke. 
Because of the rieh lymph and blood supply 
in the lungs, eaneer in the lung ean readily 
spread to other parts of the lung or body. In 
addition, the disease is often advaneed 
before symptoms beeome severe enough for 
the vietim to seek medieal aid.Typieal symp- 
toms include coughing, sputum production, 
and bloekage of the airvvays. Treatments 
include removal of part or all ofthe lung,che- 
motherapy, and radiation. Promising nevv, 
early deteetion tests are being explored. 
These include blood tests for a lung eaneer- 
speeifie protein and sputum DNA tests that 
deteet genetie abnormalities. 
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stimulate a cough reflex. An inerease in body temperamre ean stimu- 
late inereased ventilation. 

58 Give examples of sensory reeeptor stimulation that alter respiration. 

Prediet 

Deseribe the respiratory response when eold water is splashed onto a person. 

In the past, newborn babies were sometimes swatted on the buttocks. Explain 
the rationale for this procedure. 


20.8 Respiratory Adaptations 

to Exercise 

In response to training, athletie performanee inereases because the 
cardiovascular and respiratory systems beeome more effieient at 
delivering oxygen and pieking up earbon dioxide. Ventilation in 
most individuals does not limit performanee because ventilation 
ean inerease to a greater extent than does cardiovascular ffinetion. 

After training, vital eapaeity inereases slightly and residual vol- 
ume deereases slightly. Tidal voffime at rest and during submaximal 
exercise does not ehange. At maximal exercise, however, tidal voffime 
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Integiimentary 

System 



Skeletal 

System 


Effeets of the Respiratory 
System on Other Systems 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 


Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 


Effeets of Other Systems on the 
Respíratory System 


Nasal hair prevents the entry of dust and 
other foreign materials 


Movement of ribs assists in respiration 

Thoraeie eage proteets the lungs and 
helps prevent them from eollapsing 



Muscular 

System 


Nervous 

System 


Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 


Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 



Endoerine 

System 



Cardiovascular 

System 




Lymphatie 
System and 
lmmunity 



Digestive 

System 



Urinary 

System 



Reproductive 

System 


Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 

Angiotensin-eonverting enzyme eonverts 
angiotensin I to angiotensin II 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 


Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 


Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 


Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH balanee 


Changes thoraeie volume during breathing 

Controls tension on voeal eords during 
voiee production 


Centers in the pons and medulla regulate 
the rate and depth of breathing 

Chemoreceptors in the medulla oblongata, 
earotid bodies, and aortie bodies 
monitor blood earbon dioxide, pH, 
and oxygen levels 

Meehanoreeeptors in the lungs help 
regulate lung volumes by deteeting 
lung streteh 

Epinephrine causes dilation of bronehioles 


Delivers oxygen, nutrients, hormones, 
and immune eells 

Removes earbon dioxide, waste products, 
and toxins 


Immune eells provide proteetion against 
mieroorganisms and toxins and 
promote tissue repair by releasing 
ehemieal mediators 

Provides nutrients and water 


Removes waste products 


Sexual arousal inereases respiration 
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inereases. After training, the respiratory rate at rest or during sub- 
maximal exercise is slightly lower than in an untrained person, but at 
maximal exercise respiratory rate is generally inereased. 

Minute ventilation is affeeted by the ehanges in tidal volume 
and respiratory rate. After training, minute ventilation is essentially 
unchanged or slightly reduced at rest and is slightly reduced during 
submaximal exercise. Minute ventilation is greatly inereased at 
maximal exercise. For example, an untrained person’s minute ven- 
tilation of 120 L/min ean inerease to 150 L/min after training. 
inereases to 180 L/min are typieal of highly trained athletes. 

59 What effeet does training have on resting, submaximal, and maximal 
tidal volumes and on minute ventilation? 


20.9 Effeets of Aging on 

the Respiratory System 

Almost all aspeets of the respiratory system are affeeted by aging. 
Even though vital eapaeity, maximum ventilation rates, and gas 
exchange deerease with age, the elderly ean engage in light to moder- 
ate exercise because the respiratory system has a large reserve eapaeity. 

With age, mucus accumulates within the respiratory passage- 
ways. The mucus—eilia esealator is less able to move the mucus 

Summary 

20.1 Functions of the Respiratory 

System <p. 607 > 

The major functions of the respiratory system are gas exchange, regulation 
of blood pH, voiee production, olfaetion, and proteetion against some 
mieroorganisms. 

20.2 Anatomy and Histology of the 

Respiratory System <p. 607 > 

Nose 

1. The nose eonsists of the external nose and the nasal eavity. 

2. The bridge of the nose is bone, and most of the external nose is eartilage. 

3. Openings of the nasal eavity 

■ The nares open to the outside, and the ehoanae lead to the pharynx. 

■ The paranasal sinuses and the nasolaerimal duct open into the nasal 
eavity. 

4. Parts of the nasal eavity 

■ The nasal eavity is divided by the nasal septum. 

■ The anterior vestibule eontains hairs that trap debris. 

■ The nasal eavity is lined with pseudostratified eiliated columnar 
epithelium that traps debris and moves it to the pharynx. 

■ The superior part of the nasal eavity eontains the olfaetory 
epithelium. 

5. The nasal eavity is a passageway for air; it eleans, warms, and 
humidifies air. 

Pharynx 

1. The nasopharynx joins the nasal eavity through the ehoanae and 

eontains the openings to the auditory tube and the pharyngeal tonsils. 


because it beeomes more viscous and because the number of eilia 
and their rate of movement deerease. As a consequence, the elderly 
are more susceptible to respiratory infeetions and bronehitis. 

Vital eapaeity deereases with age because of a deereased ability to 
fill the lungs (deereased inspiratory reserve volume) and a deereased 
ability to empty the lungs (deereased expiratory reserve volume). As 
a result, maximum minute ventilation rates deerease, which in turn 
deereases the ability to perform intense exercise. These ehanges are 
related to weakening of respiratory muscles and to stiffening of ear- 
tilage and ribs. 

Residual volume inereases with age as the alveolar ducts and 
many of the larger bronehioles inerease in diameter. This inereases 
the dead spaee, which deereases the amount of air available for gas 
exchange. In addition, gas exchange aeross the respiratory mem- 
brane is reduced because parts of the alveolar walls are lost, which 
deereases the surface area available for gas exchange, and the 
remaining walls thieken, which deereases diffusion of gases. A 
gradual inerease in resting tidal volume with age eompensates for 
these ehanges. 

60 Why are the elderly more likely to develop respiratory infeetions and 
bronehitis? 

61 Why do vital eapaeity, alveolar ventilation, and the diffusion of gases 
aeross the respiratory membrane deerease with age? 


2. The oropharynx joins the oral eavity and eontains the palatine and 
lingual tonsils. 

3. The laryngopharynx opens into the larynx and the esophagus. 

Larynx 

1. Cartilage 

■ Three unpaired eartilages exist. The thyroid eartilage and erieoid 
eartilage form most of the larynx. The epiglottis eovers the opening 
of the larynx during swallowing. 

■ Six paired eartilages exist. The voeal folds attaeh to the arytenoid 
eartilages. 

2. The epiglottis, vestibular folds, and voeal eords prevent swallowed 
materials from entering the larynx. 

3. The voeal folds produce sounds. 

Traehea 

1. The traehea eonneets the larynx to the main bronehi. 

2. The traehealis muscle regulates the diameter of the traehea. 

Main Bronehi 

The traehea divides to form two main bronehi, which go to the lungs. 

Lungs and the Traeheobronehial Tree 

1. The body eontains two lungs, which are divided into lobes and 
bronchopulmonary segments. 

2. The main bronehi supply the lungs. 

■ The main bronehi divide to form lobar bronehi, which supply 
lung lobes. 

■ The lobar bronehi divide to form segmental bronehi, which supply 
bronchopulmonary segments. 
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■ The segmental bronehi divide to form bronehioles, which divide to 
form terminal bronehioles. 

3. The traehea to the terminal bronehioles is a passageway for air 
movement. 

■ The area from the traehea to the terminal bronehioles is eiliated to 
faeilitate the removal of inhaled debris. 

■ Cartilage helps hold the tube system open (from the traehea to the 
bronehioles). 

■ Smooth muscle eontrols the diameter of the tubes (terminal 
bronehioles). 

4. Terminal bronehioles divide to form respiratory bronehioles, which 
give rise to alveolar ducts. Air-filled ehambers ealled alveoli open into 
the respiratory bronehioles and alveolar ducts. 

3. Gas exchange occurs from the respiratory bronehioles to the alveoli. 

Respiratory Membrane 

The eomponents of the respiratory membrane are a film of water, the walls 
of the alveolus and the pulmonary eapillary, and an interstitial spaee. 

Pleura 

The pleural membranes surround the lungs and provide proteetion against 
frietion. 

Blood Supply 

1. Deoxygenated blood is transported to the lungs through the 
pulmonary arteries, and oxygenated blood leaves through the 
pulmonary veins. 

2. Oxygenated blood is mixed with a small amount of deoxygenated 
blood from the bronehi. 

Lymphatie Supply 

The superficial and deep lymphatie vessels drain lymph from the lungs. 

20.3 ventolation (p.óis) 

ehanging Thoraeie Voliime 

1. Contraction of the diaphragm inereases thoraeie volume. 

2. Muscles ean elevate the ribs and inerease thoraeie volume or ean depress 
the ribs and deerease thoraeie volume. 

Pressure ehanges and Airflow 

1. Air moves from an area of higher pressure to an area of lower pressure. 

2. Pressure is inversely related to volume (Boyle’s law). 

3. Changes in tube diameter result in ehanges in resistanee to airflow. 

Airflow into and Out of Alveoli 

1. Inspiration results when atmospherie pressure is greater than alveolar 
pressure. 

2. Expiration results when atmospherie pressure is less than alveolar 
pressure. 

Lung Reeoil 

1. Lung reeoil causes alveoli to eollapse. 

■ Lung reeoil results from elastie fibers and water surface tension. 

■ Surfactant reduces water surface tension. 

2. Pleural pressure is the pressure in the pleural eavity. 

■ A pleural pressure lower than alveolar pressure ean cause the alveoli 
to expand. 

■ Pneumothorax is an opening between the pleural eavity and the air 
that causes a loss of pleural pressure. 

ehanging Alveolar Volume 

Changes in thoraeie volume cause ehanges in pleural pressure, resulting in 
ehanges in alveolar volume, alveolar pressure, and airflow. 


20.4 Measurement of Lung Function <p. 022) 

eomplianee of the Lungs and Thorax 

1. Compliance is a measure of lung expansion caused by alveolar pressure. 

2. Reduced eomplianee means that it is more difficult than normal to 
expand the lungs. 

Pulmonary volumes and eapaeities 

1. Lour pulmonary volumes exist: tidal volume, inspiratory reserve 
volume, expiratory reserve volume, and residual volume. 

2. Pulmonary eapaeities are the sum of two or more pulmonary volumes 
and include inspiratory eapaeity, fimetional residual eapaeity, vital 
eapaeity, and total lung eapaeity. 

3. The foreed expiratory vital eapaeity measures vital eapaeity as the 
individual exhales as rapidly as possible. 

Minute Ventilation and Alveolar Ventilation 

1. The minute ventilation is the total amount of air moved in and out of 
the respiratory system per minute. 

2. Dead spaee is the part of the respiratory system in which gas exchange 
does not take plaee. 

3. Alveolar ventilation is how much air per minute enters the parts of the 
respiratory system in which gas exchange takes plaee. 

20.5 Gas Exchange in the Lungs <p. 624 ) 

Partial Pressure 

Partial pressure is the contribution of a gas to the total pressure of a mixture 
of gases (Dalton’s law). 

Diffusion of Gases into and Out of Liquids 

The eoneentration of a dissolved gas in a liquid is determined by its pressure 
and by its solubility eoeffieient (Henry’s law). 

Diffusion of Gases Through the Respiratory 
Membrane 

The rate of diffiision of gases through the respiratory membrane depends on 
its thiekness, the diffiision eoeffieient of the gas, the surface area of the 
membrane, and the partial pressure of the gases in the alveoli and the blood. 

20.6 Oxygen and earbon Dioxide Transport 

in the Blood <p. 025) 

Oxygen Partial Pressure Gradients 

1. Oxygen moves from the alveoli (P 02 =104 mm Hg) into the blood 
(P 02 = 40 mm Hg). Blood is almost eompletely saturated with oxygen 
when it leaves the pulmonary eapillary. 

2. The P 02 in the blood deereases (P 02 = 93 mm Hg) because of mhdng 
with deoxygenated blood ealled shunted blood. 

3. Oxygen moves from the tissue eapillaries (P 02 = 95 mm Hg) into the 
tissues (P 02 = 40 mm Hg). 

earbon Dioxide Partial Pressure Gradients 

1. Carbon dioxide moves from the tissues (Pco 2 = 45 mm Hg) into tissue 
eapillaries (Pc 02 = 40 mm Hg). 

2. Carbon dioxide moves from the pulmonary eapillaries (Pco 2 = 45 mm 
Hg) into the alveoli (Pc 02 = 40 mm Hg). 

Hemoglobin and Oxygen Transport 

1. Oxygen is transported by hemoglobin (98.5%) and is dissolved in 
plasma (1.5%). 

2. The oxygen—hemoglobin dissoeiation curve shows that hemoglobin is 
almost eompletely saturated when P 02 is 80 mm Hg or above. At 
lower partial pressures, the hemoglobin releases oxygen. 
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3. A shift of the oxygen-hemoglobin dissoeiation curve to the right 
because of a deerease in pH (Bohr effeet), an inerease in earbon 
dioxide, or an inerease in temperature results in a deerease in 
hemoglobin’s ability to hold oxygen. 

4. A shift of the oxygen-hemoglobin dissoeiation curve to the left because 
of an inerease in pH (Bohr effeet), a deerease in earbon dioxide, or a 
deerease in temperature results in an inerease in hemoglobin’s ability to 
hold oxygen. 

Transport of earbon Dioxide 

1. Carbon dioxide is transported dissolved in plasma (7%), as HCC> 3 ~ 
dissolved in plasma and in red blood eells (70%), and bound to 
hemoglobin (23%). 

2. In tissue eapillaries, the following occur. 

■ Carbon dioxide eombines with water inside red blood eells to form 
earbonie aeid, which dissoeiates to form HC 03 ~. Deereasing 
HC 03 ~ eoneentrations promote earbon dioxide transport. 

■ The ehloride shift is the exchange of Cl~ for HC 03 ~ between 
plasma and red blood eells. 

■ Hydrogen ions binding to hemoglobin promote earbon dioxide 
transport, prevent a ehange in pH in red blood eells, and produce a 
Bohr effeet. 

■ In the Haldane effeet, the smaller the amount of oxygen bound to 
hemoglobin, the greater the amount of earbon dioxide bound to it, 
and viee versa. 

3. In pulmonary eapillaries, the events occurring in the tissue eapillaries 
are reversed. 

20.7 Regulation of ventilation (p. 63i) 

Respiratory Areas in the Brainstem 

1. The medullary respiratory eenter eonsists of the dorsal and ventral 
respiratory groups. 

■ The dorsal respiratory group reeeives sensory input and stimulates 
the diaphragm. 

■ The ventral respiratory group stimulates the intereostal and 
abdominal muscles. 

2. The pontine respiratory group is involved with switching between 
inspiration and expiration. 

Generation of Rhythmie Ventilation 

1. Neurons in the medullary respiratory eenter establish the basie rhythm 
of ventilation. 

2. When stimuli from reeeptors or other parts of the brain exceed a 
threshold level, inspiration begins. 

3. As respiratory muscles are stimulated, neurons that stop inspiration are 
stimulated. When the stimulation of these neurons exceeds a threshold 
level, inspiration is inhibited. 


eerebral and Limbie System eontrol 

Respiration ean be voluntarily eontrolled and ean be modified by emotions. 

ehemieal eontrol of Ventilation 

1. Carbon dioxide is the major regulator of respiration. An inerease in 
earbon dioxide or a deerease in pH ean stimulate the ehemosensitive 
area, causing a greater rate and depth of ventilation. 

2. Oxygen levels in the blood affeet respiration when a 30% or greater 
deerease from normal levels exists. Deereased oxygen is deteeted by 
reeeptors in the earotid and aortie bodies, which then stimulate the 
respiratory eenter. 

Hering-Breiier Reflex 

Streteh of the lungs during inspiration ean inhibit the respiratory eenter 
and contribute to a eessation of inspiration. 

Effeet of Exercìse on Ventilation 

1. Collateral fibers from motor neurons and from proprioeeptors 
stimulate the respiratory eenters. 

2. Chemosensitive meehanisms fine-tune the effeets produced through the 
motor neurons and proprioeeptors. 

Other Modifieations of Ventilation 

Touch, thermal, and pain sensations ean modify ventilation. 

20.8 Respiratory Adaptations to 

Exercise <p. 636 ) 

Tidal volume, respiratory rate, minute ventilation, and gas exchange 
between the alveoli and blood remain unchanged or slightly lower at rest or 
during submaximal exercise but inerease at maximal exercise. 

20.9 Effeets of Aging on the Respiratory 

System <p. 638 ) 

1. The ability to remove mucus from the respiratory passageways deereases 
with age. 

2. Vital eapaeity and maximum minute ventilation deerease with age 
because of a weakening of respiratory muscles and deereased thoraeie 
eage eomplianee. 

3. Residual volume and dead spaee inerease because of the inereased 
diameter of respiratory passageways. As a result, alveolar ventilation 
deereases. 

4. An inerease in resting tidal volume eompensates for deereased alveolar 
ventilation, loss of alveolar walls (surface area), and thiekening of 
alveolar walls. 


Review and eomprehension 


20.1 Functions of the Respiratory 

System (p. 607) 

1. The respiratory system 

a. allows oxygen to enter and earbon dioxide to leave blood. 

b. ean alter blood pH. 

e. makes speeeh possible. 

d. prevents the entry of mieroorganisms into the body. 

e. all of the above. 


20.2 Anatomy and Histology of the 

Respiratory System <p. 607 > 

2. The nasal eavity 

a. has openings for the paranasal sinuses. 

b. has a vestibule, which eontains the olfaetory epithelium. 
e. is eonneeted to the pharynx by the nares. 

d. has passageways ealled eonehae. 

e. is lined with skin eontaining eoarse hairs, except for the vestibule. 
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3. The nasopharynx 

a. is lined with nonkeratinized stratified squamous epithelium. 

b. eontains the pharyngeal tonsil. 
e. opens into the oral eavity. 

d. extends to the tip of the epiglottis. 

e. is an area through which food, drink, and air normally pass. 

4. The larynx 

a. eonneets the oropharynx to the traehea. 

b. has three unpaired and six paired eartilages. 
e. eontains the voeal folds. 

d. eontains the vestibular folds. 

e. all of the above. 

3. Terminal bronehioles braneh to form 

a. the alveolar duct. 

b. alveoli. 

e. bronehioles. 

d. respiratory bronehioles. 

6. The parietal pleura 

a. eovers the surface of the lung. 

b. eovers the inner surface of the thoraeie eavity. 

e. is the eonneetive tissue partition that divides the thoraeie eavity 
into right and left pleural eavities. 

d. eovers the inner surface of the alveoli. 

e. is the membrane aeross which gas exchange occurs. 

20.3 ventilation (p. óis) 

7. During quiet expiration, the 

a. abdominal muscles relax. 

b. diaphragm moves inferiorly. 

e. external intereostal muscles eontraet. 

d. thorax and lungs passively reeoil. 

e. all of the above. 

8. Contraction of the bronehiolar smooth muscle has which of these effeets? 

a. A smaller pressure gradient is required to get the same rate of 
airflow, eompared with normal bronehioles. 

b. It inereases airflow through the bronehioles. 
e. It inereases resistanee to airflow. 

d. It inereases alveolar ventilation. 

9. During expiration, the alveolar pressure is 

a. less than the pleural pressure. 

b. greater than the atmospherie pressure. 

e. less than the atmospherie pressure. 

d. unchanged. 

10. The lungs do not normally eollapse because of 

a. surfactant. 

b. pleural pressure. 

e. elastie reeoil. 

d. both a and b. 

11. During a normal inspiration the volume of the thoraeie eavity expands. 

As a result, pleural pressure_and alveolar pressure_. 

a. deereases, deereases 

b. deereases, inereases 

e. inereases, deereases 

d. inereases, inereases 

12. Immediately after the ereation of an opening through the thorax into 
the pleural eavity, 

a. air flows through the hole and into the pleural eavity. 

b. air flows through the hole and out of the pleural eavity. 

e. air flows neither out nor in. 

d. the lung protrudes through the hole. 


20.4 Measurement of Lung Function <p. 622 ) 

13. Compliance of the lungs and thorax 

a. is the volume by which the lungs and thorax ehange for eaeh unit 
ehange of alveolar pressure. 

b. inereases in emphysema. 

e. deereases because of laek of surfactant. 

d. all of the above. 

14. Given these lung volumes: 

1. tidal volume = 300 mL 

2. residual volume = 1000 mL 

3. inspiratory reserve volume = 2500 mL 

4. expiratory reserve volume = 1000 mL 

5. dead spaee = 1000 mL 

The vital eapaeity is 

a. 3000 mL. e. 4000 mL. e. 6000 mL. 

b. 3500 mL. d. 5000 mL. 

15. The alveolar ventilation is the 

a. tidal volume times the respiratory rate. 

b. minute ventilation plus the dead spaee. 

e. amount of air available for gas exchange in the lungs. 

d. vital eapaeity divided by the respiratory rate. 

e. inspiratory reserve volume times minute ventilation. 

20.5 Gas Exchange in the Lungs (p. 624) 

16. At 10,000 feet above sea level atmospherie pressure is approximately 
500 mm Hg. If the eoneentration of oxygen in the air is approximately 
20%, then the partial pressure of oxygen is 

a. 25 mm Hg. 

b. 100 mm Hg. 
e. 250 mm Hg. 

d. 400 mm Hg. 

17. The rate of diffusion of a gas aeross the respiratory membrane inereases 
as the 

a. respiratory membrane beeomes thieker. 

b. surface area of the respiratory membrane deereases. 

e. partial pressure gradient of the gas aeross the respiratory membrane 
inereases. 

d. diffusion eoeffieient of the gas deereases. 

e. all of the above. 

18. Which gas is more soluble in water (alveolar fluid) and diffuses most 
rapidly aeross the respiratory membrane? 

a. earbon dioxide. 

b. oxygen 

20.6 Oxygen and Oarbon Dioxide Transport 

in the Blood <p. 625 ) 

19. The partial pressure of earbon dioxide in the venous blood is 

a. greater than in the tissue spaees. 

b. less than in the tissue spaees. 
e. less than in the alveoli. 

d. less than in arterial blood. 

20. Oxygen is mostly transported in the blood 

a. dissolved in plasma. 

b. bound to blood proteins. 

e. within HC 03 _ . 

d. bound to the heme portion of hemoglobin. 
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21. The oxygen-hemoglobin dissoeiation curve is adaptive because it 

a. shifts to the right in the pulmonary eapillaries and to the left in the 
tissue eapillaries. 

b. shifts to the left in the pulmonary eapillaries and to the right in the 
tissue eapillaries. 

e. does not shift. 

22. Carbon dioxide is mostly transported in the blood 

a. dissolved in plasma. 

b. bound to blood proteins. 
e. within HC 03 _ . 

d. bound to the heme portion of hemoglobin. 

e. bound to the globin portion of hemoglobin. 

23. When blood passes through the tissues, the hemoglobin in blood is 
better able to eombine with earbon dioxide because of the 

a. Bohr effeet. d. Boyle’s effeet. 

b. Haldane effeet. e. Dalton effeet. 

e. ehloride shift. 

24. The ehloride shift 

a. promotes the transport of earbon dioxide in the blood. 

b. occurs when Cl“ replaee HC 03 _ within red blood eells. 

e. maintains eleetrieal neutrality in red blood eells and the plasma. 

d. all of the above. 

20.7 Regulation of ventilation (p. 63i) 

23. Which of these parts of the brainstem is eorreetly matehed with its 
main function? 

a. ventral respiratory group—stimulates the diaphragm 

b. dorsal respiratory group—limits inflation of the lungs 

e. pontine respiratory group—switches between inspiration and 
expiration 

d. all of the above 

26. The ehemosensitive area 

a. stimulates the respiratory eenter when blood earbon dioxide levels 
inerease. 

b. stimulates the respiratory eenter when blood pH inereases. 

e. is loeated in the pons. 

d. stimulates the respiratory eenter when blood oxygen levels inerease. 

e. all of the above. 


27. Blood oxygen levels 

a. are more important than earbon dioxide levels in the regulation of 
respiration. 

b. need to ehange only slightly to cause a ehange in respiration. 

e. are deteeted by sensory reeeptors in the earotid and aortie bodies. 

d. all of the above. 

28. At the onset of exercise, respiration rate and depth inerease primarily 
because of 

a. inereased blood earbon dioxide levels. 

b. deereased blood oxygen levels. 

e. deereased blood pH levels. 

d. input to the respiratory eenter from the eerebral motor cortex and 
proprioeeptors. 

20.8 Respiratory Adaptations to 

Exercise <p. 636) 

29. In response to training, 

a. vital eapaeity inereases slightly. 

b. tidal volume at rest and during submaximal exercise is 
unchanged. 

e. tidal volume and respiratory rate inerease during maximal 
exercise. 

d. minute ventilation inereases during maximal exercise. 

e. all of the above. 

20.9 Effeets of Aging on the Respiratory 

System (p. 638) 

30. With age, 

a. inspiratory reserve volume deereases. 

b. expiratory reserve volume deereases. 

e. vital eapaeity and minute ventilation rates deerease. 

d. residual volume and dead spaee inerease. 

e. all of the above. 

Answers in Appendix E 



1. What effeet does rapid (respiratory rate equals 24 breaths per minute), 
shallow (tidal volume equals 230 mL per breath) breathing have on 
minute ventilation, alveolar ventilation, and alveolar P 02 and Pco 2 ? 



A person’s vital eapaeity is measured while standing and while lying 
down. What differenee, if any, in the measurement do you prediet and 
why? 


3. Ima Diver wanted to do some underwater exploration. She did not 
want to buy expensive SCUBA equipment, however. Instead, she 
bought a long hose and an inner tube. She attaehed one end of the hose 
to the inner tube so that the end was always out of the water, and she 
inserted the other end of the hose in her mouth and went diving. What 
happened to her alveolar ventilation and why? How ean she 
eompensate for this ehange? How does diving affeet thoraeie 
eomplianee and the work of ventilation? 


4. The baeteria that cause gangrene (Clostridium perfringens) are anaerobie 
mieroorganisms that do not thrive in the presenee of oxygen. 

Hyperbarie oxygenation (HBO) treatment plaees a person in a ehamber 
that eontains oxygen at three to four times normal atmospherie pressure. 
Explain how HBO helps in the treatment of gangrene. 

5. Cardiopulmonary resuscitation (CPR) has replaeed older, less effieient 
methods of sustaining respiration. The back-pressure/arm-lift method is 
one such technique that is no longer used. This procedure is performed 
with the vietim lying faee down. The rescuer presses firmly on the base 
of the scapulae for several seeonds and then grasps the arms and lifts 
them. The sequence is then repeated. Explain why this procedure 
results in ventilation of the lungs. 

6. A technique for artifieial respiration is mouth-to-mouth resuscitation. 

The rescuer takes a deep breath, blows air into the vietim’s mouth, and 
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then lets air flow out of the vietim. The proeess is repeated. Explain the 
following: (1) Why do the vietim’s lungs expand? (2) Why does air move 
out of the vietim’s lungs? (3) What effeet do the P 02 and the Pco 2 of the 
rescuer’s air have on the vietim? 

7. The left phrenie nerve supplies the left side of the diaphragm and the 
right phrenie nerve supplies the right side. Damage to the left phrenie 
nerve results in paralysis of the left side of the diaphragm. During 
inspiration, does the left side of the diaphragm move superiorly, move 
inferiorly, or stay in plaee? 

8. Suppose that the thoraeie wall is punctured at the end of a normal 
expiration, producing a pneumothorax. Does the thoraeie wall move 
imvard, move outward, or not move? 


9. During normal, quiet respiration, when does the maximum rate of 
diflFusion of oxygen in the pulmonary eapillaries occur? When does the 
maximum rate of diflhsion of earbon dioxide occur? 

10. Prediet what would happen to tidal volume if the vagus nerves were 
cut, the phrenie nerves were cut, or the intereostal nerves were cut. 

11. You and your physiology instructor are trapped in an overturned ship. 
To eseape, you must swim under water a long distanee. You tell your 
instructor it would be a good idea to hyperventilate before making the 
eseape attempt. Your instructor ealmly replies, “What good would that 
do, sinee your pulmonary eapillaries are already 100% saturated with 
oxygen?” What would you do and why? 

Answers in Appendix F 



Visit this book's website at www.mhhe.com/tate2 
for praetiee quizzes, interaetive learning exercises, and 
other study tools. 
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This eolorized seanning eleetron mierograph of the interior surface of 
the small intestine shows villi. The surface of the villi is blue. The 
brown eolor shows two plaees where the surface has been broken 
open to reveal the interior of the villi. The small intestine is the por- 
tion of the digestive system where nutrients are absorbed from the 
food we eat. Thís absorption is faeilitated by the fingerlike villi, 
which greatly enlarge the internal surface area of the small intestine. 


21.1 Fiinetions of the Digestive System 645 

1. Deseribe the functions of the digestive system. 

21.2 Histology of the Digestive Traet 645 

2. Deseribe the four tunics (layers) of the digestive traet. 

3. Discuss the enterie nervous system and loeal reflexes. 




21.3 Peritoneiim 647 

4. Deseribe the peritoneum and the mesenteries. 

21.4 Oral eavity 647 

5. Deseribe the structures of the oral eavity, and state their functions 

6. List the types of teeth, and deseribe the structure of an individual 
tooth. 


21.5 Pharynx 651 

7. Defìne the three parts of the pharynx. 

21.6 ESOphagUS 652 

8. Deseribe the anatomy of the esophagus. 

21.7 Swallowing 653 

9. Starting in the mouth, deseribe the proeess of swallowing. 


21.8 Stomaeh 653 

10. Deseribe the structures of the stomaeh and their functions. 

11. Deseribe the stomaeh seeretions and their functions. 

12. Outline the three phases of stomaeh seeretion regulation. 

13. Deseribe the movements of the stomaeh and their regulation. 

21.9-21.12 Small intestine - Large intestine 661 

14. Deseribe the structures, functions, seeretions, and seeretion 
regulation of the small intestine, liver, gallbladder, panereas, and 
large intestine. 

15. Discuss the movements of the small intestine and large intestine, 
and how they are regulated. 

21.13 Digestion, Absorption, and Transport 675 

16. Explain the digestion of earbohydrates, lipids, and proteins, and list 
the products of digestion for eaeh. 

21.14 Effeets of Aging on the Digestive System 683 

17. Discuss the age-related ehanges that occur in the digestive system. 
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lntroduction 

E very eell of the body needs nourishment, yet most eells 

eannot leave their position in the body and travel to a food 
source, so the food must be eonverted to a usable form 
and delivered. The digestive system, with the help of the circula- 
tory system, aets as a gigantie “meals on wheels,” providing nour- 
ishment to over a hundred trillion a customer” eells in the body. It 
also has its own quality eontrol and waste disposal system. 

The digestive system provides the body with water, eleetro- 
lytes, and other nutrients. To do this, the digestive system is speeial- 
ized to ingest food, propel it through the digestive traet, digest it, 
and absorb water, eleetrolytes, and other nutrients from the lumen 
of the gastrointestinal traet. Onee these useful substances are 
absorbed, they are transported through the circulatory system to 
eells, where they are used. The undigested portion of the food is 
moved through the digestive traet and eliminated through the anus. 


21.1 Functions of the 

Digestive System 

The functions of the digestive system are to 

1. Take in food. Food and water are taken into the body through 
the mouth. 

2. Break down the food. The food that is taken into the body is 
broken down during the proeess of digestion from complex 
molecules to smaller molecules that ean be absorbed. Digestion 
eonsists of meehanieal digestion, which involves the chewing 
of food and the mhdng of food with digestive traet seeretions, 
and ehemieal digestion, which is aeeomplished by digestive 
enzymes that are seereted along the digestive traet. 

3. Absorb nntrients. The small molecules that result from digestion 
are absorbed through the walls of the intestine for use in the 
body. Water, eleetrolytes, and other nutrients, such as vitamins 
and minerals, are also absorbed. 

4. Eliminate wastes. Undigested material, such as fiber from food, 
plus waste products excreted into the digestive traet are 
eliminated in the feees. 

1 Deseribe the functions of the digestive system. 

21.2 Histology of the 

Digestive Traet 

The digestive system eonsists of the digestive traet, a tube extending 
from the mouth to the anus, plus assoeiated organs, which seerete 
fluids into the digestive traet. The term gastrointestinal (GI) 
(gas'trò-in-tes'tin-àl) traet teehnieally refers only to the stomaeh and 
intestines but is often used as a synonym for digestive traet. The inside 
of the digestive traet is continuous with the outside environment, 
where it opens at the mouth and anus. Nutrients eross the wall of the 
digestive traet to enter the circulation. 
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Figure 21.1 Digestive System ap;r 


The digestive traet eonsists of the oral eavity, pharynx, esopha- 
gus, stomaeh, small intestine, large intestine, and anus. Aeeessory 
glands are assoeiated with the digestive traet (figure 21.1). The salivary 
glands empty into the oral eavity, and the liver and panereas are eon- 
neeted to the small intestine. 


Tunics 

Various parts of the digestive traet are speeialized for different func- 
tions, but nearly all parts eonsist of four tunics, or layers: the mucosa, 
submucosa, muscularis, and serosa or adventitia (figure 21.2). These 
will be deseribed in order from the inside of the tube. 

1. The innermost tunic is mucous membrane ealled the mucosa 
(mu-kò'sà, a tissue producing mucus). The mucosa eonsists of 
mucous epithelium, a loose eonneetive tissue ealled the 
lamina propria, and a thin smooth muscle layer, the mus- 
cularis mucosae. The epithelium in the mouth, esophagus, and 
anus resists abrasion, and epithelium in the stomaeh and 
intestines absorbs and seeretes. 

2. The submucosa lies just outside the mucosa. It is a thiek layer 
of loose eonneetive tissue eontaining nerves, blood vessels, and 
small glands. The submucosa has glands with ducts that extend 
through the mucosa to empty into the digestive traet. An 
extensive network of nerve eell proeesses forms a submucosal 
plexus (network), which regulates seeretion from the glands. 

3. The next tunic is the muscularis, which in most parts of the 
digestive tube eonsists of an inner layer of circular smooth 
muscle and an outer layer of longitudinal smooth muscle. 
Another nerve plexus, the myenterie plexus, lies between the 
two muscle layers. The myenterie plexus is much more 
extensive than the submucosal plexus and eontrols the 
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Figure 21.2 Digestive Traet Histology apir, 

Thefour tunics are the mucosa, the submucosa, the muscularis, and the serosa or an adventitia. Glands may exist along the digestive traet as part of the epithelium, as 
glands vvithin the submucosa, or as large glands outside the digestive traet. 


motility, or movements, of the intestinal traet. Together the 
nerve plexuses of the submucosa and muscularis eompose the 
enterie (en-tér'ik, relating to the intestine) plexus. 

4. The fourth, or outermost, layer of the digestive traet is either a 
serosa or an adventitia. Some regions of the digestive traet are 
eovered by peritoneum, and other regions are not. The 
peritoneum, which is a smooth epithelial layer, and its 
underlying eonneetive tissue are referred to histologieally as 
the serosa. In regions of the digestive traet not eovered by 
peritoneum, the digestive traet is eovered by a eonneetive tissue 
layer ealled the adventitia (ad'ven-tish'à, foreign, eoming from 
outside), which is continuous with the surrounding eonneetive 
tissue. These areas include the esophagus and the retroperitoneal 
organs (see a Peritoneum,” p. 647). 

2 What are the major layers of the digestive traet? Hovv do the serosa 
and adventitia differ? 

3 Deseribe the enterie plexus. In vvhat layers of the digestive traet are 
the submucosal and myenterie plexuses found? 

Enterie Nervous System 

The enterie nervous system (ENS) eonsists of the enterie plexus 
within the wall of the digestive traet. The plexuses are eomposed of 
sensory neurons eonneeting the digestive traet to the eentral nervous 
system (CNS), autonomic nervous system (ANS) motor neurons eon- 


neeting the CNS to the digestive traet, and enterie neurons, which are 
only in the enterie nerve plexus. There are more neurons in the enterie 
plexus than in the spinal eord. Most of the nervous eontrol of the GI 
traet is loeal, occurring as a result of aetivities within the enterie plexus. 
Some of the nervous eontrol is more general, mediated largely by the 
parasympathetie division of the ANS through the vagus nerves. The 
sympathetie division of the ANS also exerts eontrol through sympa- 
thetie nerves (see ehapter 14). 

There are three major types of enterie neurons: (1) Enterie sen- 
sory neurons deteet ehanges in the ehemieal eomposition of the 
digestive traet eontents or deteet meehanieal ehanges, such as streteh 
of the digestive traet wall; (2) enterie motor neurons stimulate or 
inhibit smooth muscle eontraetion and glandular seeretion in the 
digestive system; (3) enterie interneurons eonneet enterie sensory 
and motor neurons. 

The enterie plexus eontrols aetivities within speeifie, short 
regions of the digestive traet through loeal reflexes. For example, 
enterie sensory neurons deteet streteh of the digestive traet and stimu- 
late enterie interneurons. The enterie interneurons stimulate enterie 
motor neurons, which stimulate smooth muscle in the muscularis, 
resulting in eontraetions that resist the streteh. The ENS is eapable of 
eontrolling the complex movements, seeretions, and blood flow of the 
GI traet, without any outside influences. Although the ENS ean eon- 
trol the aetivities of the digestive traet independent of the CNS, nor- 
mally the two systems work together. For example, autonomic 
innervation from the CNS influences ENS aetivity. 
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4 What three types of neurons are in the enterie nervous system? 

5 What are the kinds of enterie neurons? What is a loeal reflex? 

21.3 Peritoneum 

The body walls and organs of the abdominopelvie eavity are eovered 
with serous membranes. These membranes are very smooth and 
seerete a serous fluid, which provides a lubricating film between the 
layers of membranes. These membranes and fluid reduce frietion as 
organs move within the abdominopelvie eavity. The viseeral 
peritoneum (per'i-tò-nè'um, to streteh over) eovers organs and is 
continuous with the parietal peritoneum, which eovers the interior 
surface of the body wall (figure 21.3). The peritoneal eavity is 
between the viseeral peritoneum and parietal peritoneum. 



Peritonitis 


Peritonitis is a potentially life-threatening inflammation of the 
peritoneal membranes. The inflammation ean result from ehemieal 
irritation by substances, such as bile, that have eseaped from a dam- 
aged digestive traet, or it ean result from infeetion originating in the 
digestive traet, such as when the appendix ruptures. An accumula- 
tion of excess serous fluid in the peritoneal eavity, ealled aseites 
(à-sT'tèz), ean occur in peritonitis. Aseites may also aeeompany star- 
vation, aleoholism, or liver eaneer. 


Mesenteries (mes'en-ter'éz, middle intestine) are eonneetive 
tissue sheets holding many of the organs in plaee within the abdom- 
inopelvie eavity (see figure 21.3^). The mesenteries eonsist of two 
layers of serous membranes with a thin layer of loose eonneetive tis- 
sue between them. They provide a route by which vessels and nerves 
ean pass from the abdominal wall to the organs. Other abdominal 
organs lie against the abdominal wall, have no mesenteries, and are 
referred to as retroperitoneal (re'trò-per'i-tó-nè'àl, behind the 
peritoneum). The retroperitoneal organs include the duodenum, 
panereas, aseending eolon, deseending eolon, rectum, kidneys, adre- 
nal glands, and urinary bladder. 

The mesentery eonneeting the lesser curvature of the stomaeh 
to the liver and diaphragm is ealled the lesser omentum 
(ó-men'tixm, membrane of the bowels), and the mesentery extend- 
ing as a fold from the greater curvature and then to the transverse 
eolon is ealled the greater omentum. The greater omenmrn is 
unusual in that it is a long, double fold of mesentery that extends 
inferiorly from the stomaeh before looping baek to the transverse 
eolon to ereate a eavity, or poeket, ealled the omental bursa (ber'sà, 
poeket) (see figure 21.3a). A large amount of adipose tissue accumu- 
lates in the greater omentum, and it is sometimes referred to as the 
“fatty apron” (see figure 21.3^). 

The eoronary ligament attaehes the liver to the diaphragm. 
Unlike other mesenteries, the eoronary ligament has a wide spaee in 
the eenter, the bare area of the liver, where no peritoneum exists. The 
faleiform ligament attaehes the liver to the anterior abdominal wall 
(see figure 21.3^). 


Although mesentery is a general term referring to the serous 
membranes attaehed to the abdominal organs, it is also used spe- 
eifieally to refer to the mesentery assoeiated with the small intes- 
tine, sometimes ealled the mesentery proper. The transverse 
mesoeolon extends from the transverse eolon to the posterior body 
wall (see figure 21.3c). 

6 Where are viseeral peritoneum and parietal peritoneum found? What 
is a retroperitoneal organ? 

7 Define mesentery. Name and deseribe the loeation of the mesenteries 
in the abdominal eavity. 

21.4 Oral eavity 

The oral eavity (figure 21.4), or mouth, is the part of the digestive 
traet bounded by the lips anteriorly, the eheeks laterally, the palate 
superiorly, and a muscular floor inferiorly. The oral eavity eonneets 
posteriorly to the pharynx through a spaee ealled the fauces (faw'sèz, 
throat). The oral eavity is divided into two regions: (1) the vestibule 
(ves'ti-bool, entry) is the spaee between the lips or eheeks and the 
teeth or gums; and (2) the oral eavity proper, which lies medial to 
the teeth. The oral eavity is lined with moist stratified squamous 
epithelium, which proteets against abrasion. 

8 Define fauces, vestibule, and oraleavityproper. 

Lips and eheeks 

The lips, or labia (là' bè-à) (see figure 21.4), are muscular structures 
formed mostly by the orbicularis oris (ór-bik'u-là'ris ór'is) muscle 
(see ehapter 9) and eonneetive tissue. The keratinized stratified epi- 
thelium of the skin eovering the lips is thinner than the epithelium 
of the surrounding skin (see ehapter 3). Consequently, it is more 
transparent and the eolor from the underlying blood vessels give the 
lips a reddish pink to dark red appearanee. At the internal margin of 
the lips, the epithelium is continuous with the moist stratified squa- 
mous epithelium of the mucosa in the oral eavity. 

One or more labial frenula (fren'u-là, bridle), which are muco- 
sal folds, extend from the alveolar proeesses of the maxilla to the upper 
lip and from the alveolar proeess of the mandible to the lower lip. 

The eheeks form the lateral walls of the oral eavity. They eonsist 
of an interior lining of moist stratified squamous epithelium and an 
exterior eovering of skin. The substance of the eheek includes the 
buccinator muscle (see ehapter 9), which flattens the eheek against 
the teeth, and the buccal fat pad, which rounds out the profile on 
the side of the faee. 

The lips and eheeks are important in the proeesses of mastiea- 
tion (chewing) and speeeh. They help manipulate food within the 
mouth and hold it in plaee while the teeth crush or tear it. They also 
help form words during the speeeh proeess. A large number of the 
muscles of faeial expression are involved in lip movement. They are 
listed in ehapter 9. 

9 What muscles form the substance of the lips and eheeks? What are 
the functions of the lips and eheeks? 
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Figlire 21.3 Peritoneum and Mesenteries apir 

(a) Sagittal seetion through the trunk, showing the peritoneum and mesenteries assoeiated with some abdominopelvie organs. The parietal peritoneum lines the 
abdominopelvie eavity (b/ue), and the viseeral peritoneum eovers abdominal organs (red). Retroperitoneal organs are behind the parietal peritoneum. The mesenteries 
are membranes ( purple) that eonneet organs to eaeh other and to the body wall. (b) Photograph of the abdomen of a eadaver, with the greater omentum in plaee. 

(e) Photograph of the abdomen of a eadaver, with the greater omentum removed to reveal the underlying viseera. 
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Figure21.4 Oral eavity ;apir 


Palate and Palatine Tonsils 

The palate (see figure 21.4) eonsists of two parts: an anterior bony 
part, the hard palate (see ehapter 7), and a posterior part, the soft 
palate, which eonsists of skeletal muscle and eonneetive tissue. The 
uvula (u vu-là, a grape) is the projeetion from the posterior edge of 
the soft palate. The palate is important in the swallowing proeess; it 
prevents food from passing into the nasal eavity. 

The palatine tonsils are loeated in the lateral wall of the fauces 
(see ehapter 19). 

10 What are the hard and soft palates? Where is the uvula found? What is 
the function of the palate? 


Tongiie 

The tongue is a large, muscular organ that occupies most of the oral 
eavity. The major attaehment of the tongue is in the posterior part of 
the oral eavity. The anterior part of the tongue is relatively free. There 
is an anterior attaehment to the floor of the mouth by a thin fold of 
tissue ealled the lingual (tongue) frenulum (fren u-líim, bridle) (see 
figure 21.4). Muscles attaehed to the tongue move it about (see ehap- 
ter 9) and the lingual tonsils are embedded in the posterior surface 
of the tongue (see ehapter 19). 


The tongue moves food in the mouth and, in eooperation with 
the lips and eheeks, holds the food in plaee during mastieation. It 
also plays a major role in the proeess of swallowing. The tongue is a 
major sensory organ for taste (see ehapter 13), as well as being one of 
the major organs of speeeh. 

11 Listthefunctionsofthetongue. 


tm m 

Lipid-Soluble Drugs 

Drugs that are lipid-soluble and ean diffuse through the plasma 
membranes of the oral eavity ean be quickly absorbed into the circu- 
lation. An example is nitroglyeerin, which is a vasodilator used to 
treatangina peetoris.The drug is plaeed underthetongue, where, in 
less than 1 minute, it dissolves and passes through the very thin oral 
mucosa into the lingual veins. 

Teeth 

Adults have 32 teeth, which are distributed in two dental arehes: 
the maxillary areh and the mandibular areh. The teeth in the right 
and left halves of eaeh dental areh are roughly mirror images of eaeh 
other. As a result, the teeth are divided into four quadrants: right 
upper, left upper, right lower, and left lower. The teeth in eaeh quad- 
rant include one eentral and one lateral ineisor, one eanine, first 
and seeond premolars, and first, seeond, and third molars (fig- 
ure 21.5T). The third molars are ealled wisdom teeth because they 
usually appear in a person’s late teens or early twenties, when the 
person is thought to be old enough to have acquired some wisdom. 

_ l 

4M Jl 
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impaeted Wisdom Teeth 

ln some people with small dental arehes, the third molars may 
not have room to erupt into the oral eavity and remain embedded 
within the jaw. Embedded wisdom teeth are referred to as 
impaeted. They may cause pain or irritation and their surgical 
removal is often neeessary. 


The teeth of the adult mouth are permanent, or seeondary, 
teeth. Most of them are replaeements for deciduous (dè-sid'u-us, 
those that fall out) teeth, or primary teeth, which are lost during 
ehildhood. There are 20 deciduous teeth (figure 21.5^). The decidu- 
ous teeth erupt (the crowns appear within the oral eavity) between 
about 6 months and 24 months of age. The permanent teeth begin 
replaeing the deciduous teeth at about 5 years and the proeess is 
eomplete by about 11 years. 

Eaeh tooth eonsists of a crown with one or more cusps (points), 
a neek, and a root (figure 21.6). The eenter of the tooth is a pulp 
eavity, which is filled with blood vessels, nerves, and eonneetive tis- 
sue ealled pulp. The pulp eavity within the root is ealled the root 
eanal. The nerves and blood vessels of the tooth enter and exit the 
pulp through holes at the tips of the roots. The pulp eavity is sur- 
rounded by a living, cellular, ealeified tissue ealled dentin. The 
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Figure 21.5 Teeth 

( a ) Permanent teeth. (b) Deciduous teeth. Dental professionals have developed a "universal" numbering and lettering system for eonvenienee in identifying individual 
teeth. 
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Figure 21.6 Molar Tooth in Plaee in the Alveolar Bone 

A tooth eonsists of a crown and root.The root is eovered with cementum, and 
the tooth is held in the soeket by periodontal ligaments. Nerves and vessels 
enter and exit the tooth through the tip of the root. 


dentin of the tooth crown is eovered by an extremely hard, nonliving, 
acellular substance ealled enamel, which proteets the tooth against 
abrasion and aeids produced by baeteria in the mouth. The surface of 
the dentin in the root is eovered with a bonelike substance ealled 
cementum, which helps anehor the tooth in the jaw. 

The teeth are set in alveoli (al-vè'ò-ll, soekets) along the alveolar 
proeesses of the mandible and maxilla. The gingiva (jin'ji-và, gums) 
is dense fibrous eonneetive tissue and stratified squamous epithelium 
eovering the alveolar proeesses (see figure 21.4). Periodontal (per'è- 
ò-don'tàl, around a tooth) ligaments secure the teeth in the alveoli. 

Dental Diseases 

The formation of dental earies (kàr'èz), or tooth deeay, is the 
result of the breakdown of enamel by aeids produced by baeteria on 
the tooth surface. Enamel is nonliving and eannot repair itself. 
Consequently, a dental filling is neeessary to prevent further dam- 
age. If the deeay reaehes the pulp eavity, with its rieh supply of 
nerves, toothaehe pain may result. In some eases in which deeay has 
reaehed the pulp eavity, it is neeessary to perform a dental proee- 
dure ealled a root eanal, which eonsists of removing the pulp from 
the tooth. Periodontal disease is inflammation and degeneration 
of the periodontal ligaments, gingiva, and alveolar bone. This dis- 
ease is the most eommon cause of tooth loss in adults. 
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The teeth play an important role in mastieation and a role 
in speeeh. 

12 Name the kinds of teeth. What are permanent and deciduous teeth? 

13 Name the three parts of a tooth. What are dentin, enamel, cementum, 
and pulp? 


Mastieation 

Food taken into the mouth is mastieated, or chewed, by the teeth. 
The ineisors and the eanines primarily cut and tear food, whereas 
the premolars and molars primarily crush and grind it. Mastieation 
breaks large food partieles into smaller ones, which have a much 
larger total surface area. Mastieation inereases the effieieney of 
digestion because digestive enzymes digest food molecules only at 
the surface of the food partieles. The muscles of mastieation (see 
ehapter 9) move the mandible. 

14 Define mastieation. What does it aeeomplish? 
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Figure 21.7 Salivary Glands 

The large salivary glands are the parotid glands, the submandibular glands, and 
the sublingual glands. 


Salivary Glands 

Salivary (sal'i-vàr-è) glands produce saliva (sà-ll'và), which is a 
mixture of serous (watery) and mucous fluids. There are many 
small, eoiled tubular salivary glands loeated deep to the epithelium 
of the tongue, palate, eheeks, and lips. There are three pairs of large, 
compound alveolar glands: the parotid, submandibular, and sublin- 
gual glands (figure 21.7). The largest of the salivary glands, the 
parotid (pà-rot'id, beside the ear) glands, are serous glands loeated 
just anterior to eaeh ear. Parotid ducts enter the oral eavity adjaeent 
to the seeond upper molars. Minerals seereted in the saliva of the 
parotid salivary glands tend to accumulate on the surface of the see- 
ond upper molar. 



Mumps 


Inflammation of the parotid gland is ealled parotiditis (pà-rot-i- 
dí'tis). Mumps, which is caused by a virus, is the most eommon type 
of parotiditis. 


The submandibular (sub-man-dib'u-làr, below the mandible) 
glands produce more serous than mucous seeretions. Eaeh gland 
ean be felt as a soft lump along the inferior border of the mandible. 
The submandibular ducts open into the oral eavity on eaeh side of 
the frenulum of the tongue (see figure 21.4). In eertain people, if the 
mouth is opened and the tip of the tongue is elevated, saliva ean 
squirt out of the mouth from the ducts of these glands. 

The sublingual (sub-ling'gwàl, below the tongue) glands, the 
smallest of the three paired salivary glands, produce primarily 
mucous seeretions. They lie immediately below the mucous mem- 
brane in the floor of the oral eavity. Eaeh sublingual gland has 10—12 
small ducts opening onto the floor of the oral eavity. 

Saliva is seereted at the rate of approximately 1 liter (L) per day. 
The serous part of saliva, produced mainly by the parotid and sub- 


mandibular glands, eontains a digestive enzyme ealled salivary amy- 
lase (am'il-às, stareh-splitting enzyme) (table 21.1), which breaks 
the eovalent bonds between glucose molecules in stareh and other 
polysaeeharides to produce the disaeeharides maltose and isomalt- 
ose. Maltose and isomaltose have a sweet taste; thus, the digestion 
of polysaeeharides by salivary amylase enhanees the sweet taste of 
food. Food spends very little time in the mouth. Consequently, only 
about 5% of the total earbohydrates humans absorb are digested in 
the mouth. 

The mucous seeretions of the submandibular and sublingual 
glands eontain a large amount of mucin (mu'sin), a proteoglyean 
that gives a lubricating quality to the seeretions of the salivary glands. 

Salivary gland seeretion is regulated primarily by the autonomic 
nervous system, with parasympathetie stimulation being the most 
important. Salivary seeretions inerease in response to a variety of 
stimuli, such as taetile stimulation in the oral eavity and eertain tastes, 
espeeially sour. Higher brain eenters ean stimulate parasympathetie 
aetivity and thus inerease the aetivity of the salivary glands in response 
to the thought of food, to odors, or to the sensation of hunger. 
Sympathetie stimulation inereases the mucus eontent of saliva. When 
a person beeomes frightened and the sympathetie division of the auto- 
nomie nervous system is stimulated, the person may have a dry mouth 
with thiek mucus. 

15 Name and give the loeation of the three largest salivary glands. 

16 What is the fimetion of salivary amylase and mucin in saliva? 

21.5 Pharynx 

The pharynx was deseribed in detail in ehapter 20. It eonsists of three 
parts: the nasopharynx, oropharynx, and laryngopharynx. Normally, 
only the oropharynx and laryngopharynx transmit food. The orophar- 
ynx communicates with the nasopharynx superiorly, the larynx and 
laryngopharynx inferiorly, and the mouth anteriorly. The laryngophar- 
ynx extends from the oropharynx to the esophagus and is posterior to 


















652 


ehapter 21 


Table 21.1 


Functions of Digestive Traet and Aeeessory organ Seeretions 


Fluid, Enzyme, 
or Hormone 

Source 

Function 

Mouth 



Saliva 

Salivary glands 

Moistens and lubricates food 

Salivary amylase 

Salivary glands 

Digests stareh (eonversion to maltose and isomaltose) 

Lingual lipase 

Salivary glands 

Begins lipid digestion (< 10%) 

Lysozyme 

Salivary glands 

Weakantibacterial aetion 

Esophagus 



Mucus 

Mucous glands 

Lubricates esophagus; proteets esophageal lining from abrasion 
and allows food to move easily through the esophagus 

Stomaeh 



Hydroehlorie aeid 

Gastrie glands (parietal eells) 

Converts pepsinogen into pepsin, kills baeteria 

Pepsin 

Gastrie glands (ehief eells) 

Aetivated pepsinogen, digests protein into smaller peptide ehains 

Gastrie lipase 

Gastrie glands (ehief eells) 

Digests a minor amount of lipid 

Mucus 

Mucous eells 

Proteets stomaeh lining from stomaeh aeids and digestive enzymes 

intrinsie faetor 

Gastrie glands (parietal eells) 

Binds to vitamin B 12 , aiding in its absorption 

Gastrin 

Gastrie glands (endoerine eells) 

inereases stomaeh seeretions and motility 

Small Intestine and 
Assoeiated Glands 

Bile salts 

Liver 

Emulsify fats, form mieelles, eontain waste products (bilimbin, eholesterol) 

Biearbonate ions 

Panereas, liver 

Neutralize stomaeh aeid 

Panereatie amylase 

Panereas 

Digests stareh 

Panereatie lipase 

Panereas 

Digests lipid 

Trypsin 

Panereas 

Aetivated trypsinogen, digests proteins 

Chymotrypsin 

Panereas 

Aetivated ehymotrypsinogen, digests proteins 

Carboxypeptidase 

Panereas 

Aetivated procarboxypeptidase, digests proteins 

Nucleases 

Panereas 

Digest nucleic aeid 

Sucrase 

Small intestine 

Digests sucrose 

Laetase 

Small intestine 

Digests laetose 

Maltase 

Small intestine 

Digests maltose 

Isomaltase 

Small intestine 

Digests isomaltose 

Lipase 

Small intestine 

Digests lipid 

Peptidases 

Small intestine 

Digest polypeptide 

Mucus 

Duodenal glands 
and goblet eells 

Proteets duodenum from stomaeh aeid and digestive enzymes 

Seeretin 

Small intestine 

Inhibits gastrie seeretions, stimulates seeretion of aqueous eomponent 
(biearbonate ions) of panereatie juice, inereases bile seeretion 
(biearbonate ions), deereases gastrie motility 

Cholecystokinin 

Small intestine 

Inhibits gastrie seeretion, stimulates seeretion of enzymatie eomponent of 
panereatie juice, deereases gastrie motility, stimulates gallbladder 
eontraetion and sphineter relaxation 


the larynx. The posterior walls of the oropharynx and laryngopharynx 
eonsist of three muscles: the superior, middle, and inferior pharyngeal 
eonstrietors, which are arranged like three staeked flowerpots, one 
inside the other. The oropharynx and the laryngopharynx are lined with 
moist stratified squamous epithelium, and the nasopharynx is lined 
with eiliated pseudostratified columnar epithelium. 

17 Namethethree parts ofthe pharynx. What arethe pharyngeal 
eonstrietors? 




Explain the functional signifieanee of the differenees in epithelial types among 
the three pharyngeal regions. 


21.6 Esophagiis 

The esophagus (é-sof'à-gus, gullet) is a muscular tube, lined with 
moist stratified squamous epithelium, extending from the pharynx 
to the stomaeh. It is about 25 eentimeters (em) long and lies ante- 
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rior to the vertebrae and posterior to the traehea within the medi- 
astinum. It passes through the diaphragm and ends at the stomaeh. 
The esophagus transports food from the pharynx to the stomaeh. 

The esophagus has thiek walls eonsisting of the four tunics: the 
mucosa, submucosa, muscularis, and adventitia. The muscularis is 
different from other parts of the digestive traet because the superior 
part of the esophagus eonsists of skeletal muscle. An upper esopha- 
geal sphineter at the superior end of the esophagus and a lower 
esophageal sphineter at the lower end of the esophagus regulate the 
movement of materials into and out of the esophagus. Numerous 
mucous glands produce a thiek, lubricating mucus that eoats the 
inner surface of the esophagus. 


* 



Hiatal Hernia 


A hiatus (hí-à'tiis, to yawn) is an opening.The esophageal hia- 
tus is the opening in the diaphragm through which the esophagus 
passes to join the stomaeh. A hernia (her'né-à) is a protmsion ofa 
part or structure through the tissues normally eontaining it. A hiatal 
hernia occurs when the esophageal hiatus widens and part of the 
stomaeh extends through the opening into thethorax.The hernia ean 
deerease some of the pressure in the lower esophageal sphineter, 
allowing gastroesophageal reflux (movement of stomaeh eontents 
baek into the esophagus) and subsequent esophagitis (inflammation 
of the esophagus) to occur. Hiatal herniation ean also eompress blood 
vessels in the stomaeh mucosa when the stomaeh extends through 
the hernia, which ean lead to gastritis (inflammation of the stomaeh) 
or ulcer formation. Esophagitis, gastritis, and ulcers are very painful. 


18 VVhere is the esophagus loeated and what is its function? Deseribe 
the muscles of the esophageal wall and the esophageal sphineters. 

21.7 Swallowing 

Swallowing, or deglutition (dè-gloo-tish'un), ean be divided into 
three separate phases: the voluntary phase, the pharyngeal phase, 
and the esophageal phase. During the voluntary phase, a bolus, or 
mass of food, is formed in the mouth. The bolus is pushed by the 
tongue against the hard palate, foreing the bolus toward the poste- 
rior part of the mouth and into the oropharynx (figure 21.8, step 1). 

The pharyngeal phase of swallowing is a reflex that is initiated 
when a bolus of food stimulates taetile reeeptors in the oropharynx 
(figure 21.8, steps 2—4). This phase of swallowing begins with the ele- 
vation of the soft palate, which eloses the passage between the naso- 
pharynx and oropharynx. The pharynx elevates to reeeive the bolus of 
food from the mouth. The three pharyngeal eonstrietor muscles 
then eontraet in succession, foreing the food through the pharynx. 
At the same time, the upper esophageal sphineter relaxes, and food is 
pushed into the esophagus. 

During the pharyngeal phase, the vestibular folds and voeal 
eords elose, the epiglottis (ep-i-glot'is, on the glottis) is tipped pos- 
teriorly so that it eovers the opening into the larynx, and the larynx 
is elevated. These movements of the larynx prevent food from passing 
through the opening into the larynx. 


The esophageal phase (figure 21.8, step 5) of swallowing, 
which takes about 5—8 seeonds, is responsible for moving food from 
the pharynx to the stomaeh. Muscular eontraetions in the wall of 
the esophagus occur in peristaltie (per-i-stal'tik, peri, around + 
stalshy eonstrietion) waves (figure 21.9). A wave of relaxation of 
the circular esophageal muscles preeedes the bolus of food down 
the esophagus, and a wave of strong eontraetion of the circular 
muscles follows and propels the bolus through the esophagus. 
The peristaltie eontraetions assoeiated with swallowing cause 
relaxation of the lower esophageal sphineter in the esophagus as 
the peristaltie waves approaeh the stomaeh. 

The presenee of food in the esophagus stimulates the enterie 
plexus, which eontrols the peristaltie waves through loeal reflexes. 
The presenee of food in the esophagus also stimulates taetile reeep- 
tors, which send afferent impulses to the medulla oblongata through 
the vagus nerves. Motor impulses, in turn, pass along the vagal effer- 
ent fibers to the striated and smooth muscles within the esophagus, 
thereby stimulating their eontraetions and reinforeing the peristaltie 
eontraetions. 



Swallowing and Gravity 

Gravity assists the movement of material through the esophagus, 
espeeially when liquids are swallowed. The peristaltie eontraetions 
that move material through the esophagus are sufficiently forceful, 
however, to allow a person to swallow even while doing a headstand 
or floating in the zero-gravity environment of spaee. 


19 What are the three phases of deglutition? List sequentially the 
proeesses involved in the last two phases, and deseribe how they are 
regulated. 

20 Explain how peristaltie waves move a bolus through the digestive 
traet. 




Sometimes food becomes"stuck"in the esophagus. How does sipping a liquid 
help the food become"unstuck?" 


21.8 stomaeh 

The stomaeh is an enlarged segment of the digestive traet in the left 
superior part of the abdomen (see figure 21.1). Its primary fimetions 
are to store food, mix food with stomaeh seeretions into a semi-liquid 
material, and start protein digestion. 

Anatomy and H stology of 
the Stomaeh 

The opening from the esophagus into the stomaeh is the gastro- 
esophageal opening, or eardiae (loeated near the heart) opening. 
The region of the stomaeh around the eardiae opening is the eardiae 
part (figure 21.10 a ). The lower esophageal sphineter, also ealled the 
eardiae sphineter, surrounds the eardiae opening. The most supe- 
rior part of the stomaeh is the fundus (fun'dus, the bottom of a 
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Tongiie Hard palate Soft palate 



Nasopharynx 



Soft palate 

Superior pharyngeal 
eonstrietor 

Middle pharyngeal 
eonstrietor 


Epiglottis 

Inferior pharyngeal 
eonstrietor 

Llpper esophageal 
sphineter 

Esophagus 


1. During the voluntary phase, a bolus of 
food (yellow) is pushed by the tongue 
against the hard and soft palates and 
posteriorly toward the oropharynx ( blue 
arrow indieates tongue movement; blaek 
arrow indieates movement of the bolus). 
Tan: bone, purple: eartilage, red: muscle. 


2. During the pharyngeal phase, the soft 
palate is elevated, elosing off the 
nasopharynx. The pharynx and larynx are 
elevated ( blue arrows indieate muscle 
movement). 



Superior 

pharyngeal 

eonstrietor 



Middle 

pharyngeal 

eonstrietor 


Vestibular fold 
Voeal fold — 


3. Successive eonstrietion of the pharyngeal eonstrietors from superior to inferior ( blue arrows) 
forees the bolus through the pharynx and into the esophagus. As this occurs, the vestibular and 
voeal folds meet medially to elose the passage of the larynx. The epiglottis is bent down over 
the opening of the larynx largely by the foree of the bolus pressing against it. 


Epiglottis 
Opening of larynx 
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Llpper esophageal 
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Esophagus 
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Vr ^ 


4. As the inferior pharyngeal eonstrietor 
eontraets, the upper esophageal sphineter 
relaxes (outwardly direeted blue arrows), 
allowing the bolus to enter the esophagus. 


5. During the esophageal phase, the bolus is 
moved by peristaltie eontraetions of the 
esophagus toward the stomaeh (inwardly 
direeted blue arrows). 


Proeess Figure 21.8 Three Phases of swallowing (Degliitition) 
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1. A wave of circular smooth muscle relaxation 
moves ahead of the bolus of food, allowing 
the digestive traet to expand. 


Digestive traet Bolus 



Wave of 
relaxation 


2. A wave of eontraetion of the circular smooth 
muscles behind the bolus of food propels it 
through the digestive traet. 



eontraetion 


Proeess Figure 21.9 peristaisis 


round-bottomed leather bottle). The largest part of the stomaeh is 
the body, which turns to the right, forming a greater curvature on 
the left, and a lesser curvature on the right. The body narrows to 
form the funnel-shaped pylorie (pl-lór'ik, gatekeeper) part of the 
stomaeh, which joins the small intestine. The opening from the 
stomaeh into the small intestine is the pylorie orifiee, which is sur- 
rounded by a relatively thiek ring of smooth muscle ealled the 
pylorie sphineter. The pylorie sphineter helps regulate the move- 
ment of gastrie eontents into the small intestine. 

The muscular layer of the stomaeh is different from other regions 
of the digestive traet in that it eonsists of three layers: an outer longirn- 
dinal layer, a middle circular layer, and an inner oblique layer. These 
muscular layers produce a churning aetion in the stomaeh, important 
in the digestive proeess. The submucosa and mucosa of the stomaeh are 
thrown into large folds ealled rugae (roo' gè, wrinkles) (see figure 21.10 a) 
when the stomaeh is empty. These folds allow the mucosa and submu- 
eosa to streteh, and the folds disappear as the stomaeh is filled. 

The stomaeh is lined with simple columnar epithelium. The epi- 
thelium forms numerous, tubelike gastrie pits, which are the openings 
for the gastrie glands (figure 21.10^ and e). The epithelial eells of the 
stomaeh are of five types. Surface mucous eells are on the inner 
surface of the stomaeh and line the gastrie pits. Those eells produce 
mucus, which eoats and proteets the stomaeh lining. The remaining 
eell types are in the gastrie glands. They are mucous neek eells, which 
produce mucus; parietal eells, which produce hydroehlorie aeid and 
intrinsie faetor; ehief eells, which produce pepsinogen (pep-sin'ò- 
jen); and endoerine eells, which produce regulatory hormones. There 
are several types of endoerine eells. For example, G eells seerete gastrin 
and enteroehromaffin-like eells produce histamine. 

21 Deseribethe parts ofthe stomaeh. 

22 How is the muscular layer of the stomaeh different from the rest of 
the digestive traet? What are rugae? 

23 What are gastrie pits and gastrie glands? Name the types of eells in 
the stomaeh and the seeretions they produce. 


Seeretions of the Stomaeh 

The seeretions of the stomaeh are ealled gastrie juice. As food enters the 
stomaeh, it is mixed with gastrie juice to beeome a semifluid mixture 
ealled ehyme (klm, juice). Although some digestion of ehyme and a 


small amount of absorption occur in the stomaeh, the stomaeh is pri- 
marily a storage and mixing ehamber for ingested food. 

Seeretions from the gastrie glands include mucus, hydroehlorie 
aeid, pepsinogen, intrinsie faetor, and gastrin (see table 21.1). A thiek 
layer of mucus lubricates and proteets the epithelial eells of the stomaeh 
wall from the damaging effeet of the aeidie ehyme and pepsin. Irritation 
of the stomaeh mucosa stimulates the seeretion of a greater volume of 
mucus. Hydroehlorie aeid produces a pH of about 2.0 in the stomaeh. 
Pepsinogen is a precursor of the enzyme pepsin. Hydroehlorie aeid 
eonverts pepsinogen to the aetive enzyme pepsin (pep' sin, pepsi.s, diges- 
tion), which digests proteins by breaking them down into smaller pep- 
tides. A peptide is two or more amino aeids united by a peptide bond 
(see ehapter 2). Pepsin exhibits optimum enzymatie aetivity at a pH of 
about 2.0. The low pH also kills mieroorganisms. intrinsie (in-trin'sik) 
faetor binds with vitamin B 12 and makes it more readily absorbed in 
the small intestine. Vitamin B 12 is important in deoxyribonucleic aeid 
(DNA) synthesis and is important to red blood eell production. 
Gastrin (gas'trin, gaster ; belly or stomaeh) and histamine help regu- 
late stomaeh seeretions. 


Prediet 



Peptides in the stomaeh stimulate parietal eell and ehief eell seeretion. Explain 


how this is a negative-feedbaek meehanism. 



Gastroesophageal Reflux Disease 

Gastroesophageal reflux disease (GERD), or heartburn, is a 
painful or burning sensation in the ehest assoeiated with the 
reflux of aeidie ehyme into the esophagus. The pain is usually 
short-lived but may be confused with the pain of an ulcer or a 
heart attaek. Overeating, eating fatty foods, lying down immedi- 
ately after a meal, consuming too much aleohol or eaffeine, smok- 
ing, and wearing extremely tight elothing ean all cause heartburn. 
A hiatal hernia ean also cause heartburn, espeeially in older peo- 
ple. Drugs that neutralize gastrie aeid or reduce gastrie aeid pro- 
duction ean effeetively treat GERD (see "Treatment of Excess Aeid 
Seeretion," p. 658). 
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Figlire 21.10 Anatomy and Histology of the Stomaeh apir 

( a ) Cutaway seetion reveals muscular layers and internal anatomy of the stomaeh. (b) A seetion of the stomaeh wall illustrates its histology, including several gastrie 
pits and glands. (e) Photomierograph of gastrie glands. 
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Parietal eells produce hydroehlorie aeid (figure 21.11). 
Hydrogen ions are derived from earbon dioxide and water, which 
enter the parietal eell from its basal surface, which is the side 
opposite the lumen of the gastrie pit. Onee inside the eell, 
earbonie anhydrase eatalyzes the reaetion between earbon dioxide 
and water to form earbonie aeid. Some of the earbonie aeid mol- 
ecules then dissoeiate to form H + and HC 03 _ . The H + are 
aetively transported aeross the mucosal surface of the parietal eell 
into the lumen of the stomaeh by a H + —K + exchange pump, often 
ealled a proton pump. Although H + are aetively transported 
against a steep eoneentration gradient, Cl“ diffuse with the H + 
from the eell through the plasma membrane. Diffusion of Cl“ 
with the positively eharged H + reduces the amount of energy 
needed to transport the H + against both a eoneentration gradient 
and an eleetrieal gradient. Biearbonate ions diffuse down their 
eoneentration gradient from the parietal eell into the extracellular 
fluid. As they diffuse, HC 03 _ are exchanged for Cl“ through an 
antiporter, and the Cl“ move into the eell. 


24 What are gastrie juice and ehyme? 

25 What is the function of mucus, hydroehlorie aeid, pepsinogen, 
intrinsie faetor, gastrin, and histamine? 

26 Deseribe the production of hydroehlorie aeid. What is a proton pump? 


Prediet 



Explain why a slight inerease in blood pH may occur following a heavy meal. 
The elevated pH of blood, espeeially in the veins that earry blood away from 
the stomaeh, is ealled the postenterie alkaline tide. 


Regulation of Stomaeh Seeretion 

Approximately 2—3 L of gastrie seeretions (gastrie juice) are pro- 
duced eaeh day. Nervous and hormonal meehanisms regulate gas- 
trie seeretions. The neural meehanisms involve eentral nervous 
system (CNS) reflexes integrated within the medulla oblongata. 
Higher brain eenters ean influence these reflexes. Loeal reflexes are 


1 . Carbon dioxide (C0 2 ) diffuses 
into the parietal eell. 

2. Carbon dioxide eombines with 
water (H 2 0) in an enzymatie 
reaetion that is eatalyzed by 
earbonie anhydrase (CA) to form 
earbonie aeid (H 2 C0 3 ). 

3. Carbonic aeid dissoeiates into 

a biearbonate ion (HC0 3 “) and a 
hydrogen ion (H + ). 

4. Biearbonate ions are transported 
baek into the bloodstream. An 
antiporter in the plasma membrane 
exchanges HC0 3 “ for a ehloride ion 

(Cr). 

5. A H + - K + pump moves H + into the 
duct of the gastrie gland and K + 
into the parietal eell. 

6. Chloride ions diffuse with the 
eharged H + into the duct of the 
gastrie gland. 
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Proeess Figure 21.11 Hydroehlorie Aeid Production by Parietal eells in the Gastrie Glands of the Stomaeh ap r. 
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integrated within the enterie plexus in the wall of the digestive 
traet and do not involve the CNS. Hormones produced by the 
stomaeh and intestine help regulate stomaeh seeretions. 

The regulation of stomaeh seeretion is divided into three phases: 
eephalie, gastrie, and intestinal. The eephalie phase ean be viewed as 
the “get started” phase, when stomaeh seeretions are inereased in 
antieipation of ineoming food. This is followed by the gastrie “go for 
it” phase, when most of the stimulation of seeretion occurs. Finally, 
the intestinal phase is the “slow down” phase, during which stomaeh 
seeretion deereases. 

1 . Cephalic phase. The eephalie phase prepares the stomaeh to 
reeeive food. The sensations of the taste and smell of food, the 
stimulation of taetile reeeptors during the proeess of chewing and 
swallowing, and pleasant thoughts of food stimulate the eenters 
within the medulla oblongata that influence gastrie seeretions 
(figure 2l.l2a). Aetion potentials are sent from the medulla 
along parasympathetie neurons within the vagus (X) nerves to 
the stomaeh. Within the stomaeh wall, the preganglionie 
neurons stimulate the postganglionie neurons in the enterie 
plexus. The postganglionie neurons stimulate seeretory aetivity in 
the eells of the stomaeh mucosa, causing the release of mucus, 
hydroehlorie aeid, pepsinogen, intrinsie faetor, histamine, and 
gastrin. The gastrin enters the circulation and is earried baek to 
the stomaeh, where it stimulates additional seeretory aetivity. 

Aeetyleholine, released by postganglionie eells, stimulates 
the seeretion of hydroehlorie aeid from parietal eells, gastrin from 
G eells, and histamine from enteroehromaffin-like eells. The 
gastrin stimulates parietal eells to release additional hydroehlorie 
aeid. In addition, gastrin stimulates enteroehromaffin-like eells to 
release histamine, which stimulates parietal eells to seerete 
hydroehlorie aeid. Aeetyleholine, histamine, and gastrin working 
together cause a greater seeretion of hydroehlorie aeid than any 
of them does separately. Of the three, histamine has the greatest 
stimulatory effeet. 

2. Gastrie P h ase. The greatest volume of gastrie seeretions is 
produced during the gastrie phase of gastrie regulation. The 
presenee of food in the stomaeh initiates the gastrie phase (figure 
21.12^). The primary stimuli are distention of the stomaeh and 
the presenee of amino aeids and peptides in the stomaeh. 

Distention of the stomaeh wall results in the stimulation 
of meehanoreeeptors. Aetion potentials generated by these 
reeeptors initiate reflexes that involve both the CNS and the 
ENS. These reflexes result in aeetyleholine release and the 
easeade of events in the eephalie phase. Peptides, produced by 
the aetion of pepsin on proteins, stimulate the seeretion of 
gastrin, which in turn stimulates additional hydroehlorie aeid 
seeretion. Moderate amounts of aleohol or eaffeine in the 
stomaeh also stimulate gastrin seeretion. 

When the pH of the stomaeh eontents falls below 2.0, 
inereased gastrie seeretion produced by distention of the 
stomaeh is bloeked. This negative-feedbaek meehanism limits 
the seeretion of gastrie juice. 

3. Intestinal phase. The entranee of ehyme into the duodenum of 
the small intestine stimulates neural and hormonal meehanisms 
that inhibit stomaeh seeretions (figure 21.12c). This reduces the 
aeidity of ehyme, making it easier for panereatie and liver 


seeretions to neutralize the ehyme, which is required for the 
digestion of food by panereatie enzymes and for the prevention 
of peptie ulcer formation. 

When the pH of the ehyme entering the duodenum drops 
to 2.0 or below, the inhibitory influence of the intestinal phase 
is greatest. Aeidie ehyme in the duodenum inhibits CNS 
stimulation and initiates loeal reflexes that inhibit gastrie 
seeretion. Aeidie ehyme also stimulates the duodenum to 
release the hormone seeretin (se-krè'tin), which enters the 
blood and is earried to the stomaeh, where it inhibits gastrie 
seeretion. Fatty aeids and eertain other lipids in the duodenum 
initiate the release of the hormone eholeeystokinin (kó'lè-sis- 
tó-kl'nin), (CCK) which also inhibits gastrie seeretion. 

27 Name the three phases of stomaeh seeretion. In general terms, what 
does eaeh phase aeeomplish? 

28 What stimuli initiate eaeh phase of stomaeh seeretion? 

29 Deseribe three ways in which parietal eells are stimulated to seerete 
hydroehlorie aeid. 

30 Deseribe the effeets of ANS and loeal reflexes on gastrie seeretion 
during eaeh phase of stomaeh seeretion. 

31 What effeet do gastrin, seeretin, and eholeeystokinin have on gastrie 
seeretions? 


Treatment of Excess Aeid Seeretion 

1 

Antaeids are bases, such as CaC0 3 , AI(OH) 3 , and Mg(OH) 2 , that 
neutralize gastrie aeid when ingested.They are fast aeting but have 
relatively short duration of effeet. Antaeids are effeetive for up to 30 
minutes on an empty stomaeh and neutralize aeid for 2 to 3 hours 
when taken with food. Long-term self-treatment with antaeids 
should be avoided because the cause of excess aeid production 
should be determined. Also, there are more effeetive treatments. 

H 2 -receptor antagonists are drugs that bloek the histamine 
reeeptor on parietal eells. Reeall that histamine, gastrin, and aee- 
tyleholine stimulate parietal eells to seerete aeid and that hista- 
mine has the greatest stimulatory effeet. H 2 reeeptors are the type 
of histamine reeeptor on parietal eells. Gmetidine (Tagamet), 
ranitidine (Zantae), and famotidine (Pepeid) are H 2 -receptor 
antagonists that bind reversibly to H 2 reeeptors. They suppress 
24-hour gastrie aeid seeretion approximately 70%. The H 2 reeep- 
tors are different from the H^ reeeptors involved in allergie reae- 
tions. Antihistamines that bloek allergie reaetions do not affeet 
histamine-mediated gastrie aeid seeretion, and viee versa. 

Proton pump inhibitors bind irreversibly with the H _i -K + 
exchange pump in parietal eells.The pump is inaetivated, and aeid 
seeretion does not resume until a new pump molecule is manufac- 
tured and inserted into the plasma membrane. Proton pump 
inhibitors effeetively reduce aeid seeretion for 24 to 48 hours. 

Movements of the Stomaeh 

Two types of stomaeh movement occur: mixing waves and peristaltie 
waves (figure 21.13). Both types of movements result from smooth 
muscle eontraetions in the stomaeh wall. The eontraetions occur 
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Cephalic Phase 


1. The taste, smell, or thoiight of food or taetile 
sensations of food in the mouth stimulate the 
medulla oblongata (green arrows). 

2. Parasympathetie aetion potentials are earried by the 
vagus nerves to the stomaeh ( pink arrow), where 
enterie plexus neurons are aetivated. 

3. Postganglionie neurons stimulate seeretion by 
parietal and ehief eells and stimulate gastrin and 
histamine seeretion by endoerine eells. 

4. Gastrin is earried through the circulation baek to the 
stomaeh ( purple arrow), where, along with 
histamine, it stimulates seeretion. 


Gastrie Phase 

1. Distention of the stomaeh stimulates 
meehanoreeeptors (streteh reeeptors) and aetivates 
a parasympathetie reflex. Aetion potentials 
generated by the meehanoreeeptors are earried by 
the vagus nerves to the medulla oblongata (green 
arrow). 

2. The medulla oblongata inereases aetion potentials 
in the vagus nerves that stimulate seeretions by 
parietal and ehief eells and stimulate gastrin and 
histamine seeretion by endoerine eells (pink arrow). 

3. Distention of the stomaeh also aetivates loeal 
reflexes that inerease stomaeh seeretions (orange 
arrow). 

4. Gastrin is earried through the circulation baek to the 
stomaeh (purple arrow), where, along with 
histamine, it stimulates seeretion. 


Gastrointestinal Phase 

1. Chyme in the duodenum with a pH less than 2.0 or 
eontaining fat digestion products (lipids) inhibits 
gastrie seeretions by three meehanisms (2-4). 

2. Chemoreceptors in the duodenum are stirrmlated 
by H + (low pH) or lipids. Aetion potentials generated 
by the ehemoreeeptors are earried by the vagus 
nerves to the medulla oblongata (green arrow), 
where they inhibit parasympathetie aetion potentials 
(pink arrow), thereby deereasing gastrie seeretions. 

3. Loeal reflexes aetivated by H + or lipids also inhibit 
gastrie seeretion (orange arrows). 

4. Seeretin and eholeeystokinin produced by the 
duodenum (brown arrows) deerease gastrie 
seeretions in the stomaeh. 
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Proeess Figure 21.12 Phases of stomaeh seeretion 
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1. A mixing wave initiated in the body 
of the stomaeh progresses toward 
the pylorie sphineter ( pink arrows 
direeted inward). 

2. The more fluid part of the ehyme 
is pushed toward the pylorie 
sphineter (blue arrows), whereas 
the more solid eenter of the ehyme 
squeezes past the peristaltie 
eonstrietion baek toward the body 
of the stomaeh ( orange arrow). 
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3. Peristaltie waves (purple 
arrows) move in the same 
direetion and in the same way as 
the mixing waves but are stronger. 

4. Again, the more fluid part of the 
ehyme is pushed toward the 
pylorie region (blue arrows), 
whereas the more solid eenter of 
the ehyme squeezes past the 
peristaltie eonstrietion baek 
toward the body of the stomaeh 
(orange arrow). 

5. Peristaltie eontraetions foree a 
few milliliters of the mostly fluid 
ehyme through the pylorie opening 
into the duodenum (small red arrows). 
Most of the ehyme, including the more 
solid portion, is foreed baek toward 
the body of the stomaeh for further 
mixing (yellow arrow). 



Proeess Figure 21.13 Movements in the Stomaeh 


about every 20 seeonds and proeeed from the body of the stomaeh 
toward the pylorie sphineter. Relatively weak eontraetions result in 
mixing waves, which thoroughly mix ingested food with stomaeh 
seeretions to form ehyme. The more fluid part of the ehyme is 
pushed toward the pylorie sphineter, whereas the more solid eenter 
moves baek toward the body of the stomaeh. Stronger eontraetions 
result in peristaltie waves, which foree the ehyme toward and 
through the pylorie sphineter. The pylorie sphineter usually remains 
elosed because of mild tonie eontraetion. Eaeh peristaltie eontraetion 
is sufficiently strong to pump a few milliliters of ehyme through the 
pylorie opening and into the duodenum. Roughly 20% of the stom- 
aeh eontraetions are peristaltie waves, and 80% are mhdng waves. 

If the stomaeh empties too fast, the effieieney of digestion and 
absorption is reduced, and aeidie gastrie eontents dumped into the 
duodenum may damage its lining. If the rate of emptying is too slow, 
the highly aeidie eontents of the stomaeh may damage the stomaeh 
wall and reduce the rate at which nutrients are digested and absorbed. 
Stomaeh emptying is regulated to prevent these two extremes. The 
neural meehanisms that stimulate stomaeh seeretions also are involved 


with inereasing stomaeh motility. The major stimulus is distention of 
the stomaeh wall. inereased stomaeh motility inereases stomaeh emp- 
tying. Conversely, the hormonal and neural meehanisms assoeiated 
with the duodenum that deerease gastrie seeretions also inhibit gastrie 
motility and inerease eonstrietion of the pylorie sphineter. 

Pregame Meal 

A meal of polysaeeharide earbohydrates (stareh and glyeogen) is 
eonsidered the best meal before engaging in a sporting aetivity. 
Polysaeeharides help provide a steady source of glucose and have 
the fastest elearanee time, typieally 1 hour, from the stomaeh. For 
eomparison, a meal eontaining both earbohydrates and proteins 
takes 3 hours to elear from the stomaeh, and a meal heavy with fats 
and proteins takes up to 6 hours. A major reason for the fast elear- 
anee of earbohydrates is that they do not inerease eholeeystokinin 
release, which is a major inhibitor of stomaeh emptying. 
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Hunger eontraetions 

Hunger eontraetions are peristaltie eontraetions that approaeh tetanie 
eontraetions for periods of about 2—3 minutes. Low blood glucose 
levels cause the eontraetions to inerease and beeome sufficiently strong 
to ereate uncomfortable sensations ealled hunger pangs. Hunger 
pangs usually begin 12-24 hours after a meal or in less time for some 
people. If nothing is ingested, they reaeh their maximum intensity 
within 3—4 days and then beeome progressively weaker. 

Vomiting 

Vomiting is the ejeetion of the stomaeh’s eontents through the 
esophagus and out the mouth. Vomiting ean result from excessive 
irritation or overdistention of the GI traet. Reversed peristalsis, 
which is peristaltie eontraetions moving GI traet eontents backwards, 
preeedes vomiting. Intestinal eontents accumulating in the duode- 
num and stomaeh stimulate the vomiting eenter in the medulla 
oblongata. As a result, (1) eontraetions of the stomaeh begin to push 
the gastrie eontents into the esophagus as the lower esophageal 
sphineter relaxes; (2) a deep breath is taken and the vestibular and 
voeal folds elose the opening of the larynx; (3) the hyoid bone and 
larynx are elevated, opening the upper esophageal sphineter; (4) the 
soft palate elevates, elosing the eonneetion between the oropharynx 
and nasopharynx; (3) the diaphragm and abdominal muscles are 
foreeffilly eontraeted, strongly eompressing the stomaeh and inereas- 
ing the intragastrie pressure; (6) the lower esophageal sphineter 
relaxes eompletely; and (7) the gastrie eontents are foreed out of the 
stomaeh, through the esophagus and oral eavity, to the outside. 

32 What are two kinds of stomaeh movements? How are stomaeh 
movements regulated by hormones and nervous eontrol? 

33 What are hunger eontraetions? 

34 Deseribe the events of vomiting. 


21.9 Small intestine 

The small intestine eonsists of three parts: the duodenum, the jeju- 
num, and the ileum (figure 21.14). The entire small intestine is about 
6 m long (range: 4.6—9 m). The duodenum is about 25 em long 
(duodenum means 12, suggesting that it is 12 inehes long), the jeju- 
num is about 2.5 m long, and the ileum is about 3.5 m long. Two 
major aeeessory glands, the liver and the panereas, are assoeiated with 
the duodenum. The small intestine is where the greatest amount of 
digestion and absorption occur. 

Anatomy and H stology of 
the Small Intestine 

Duodenum 

The duodenum (doo-ò-dè'num, doo-od'é-num) nearly eompletes a 
180-degree are as it curves within the abdominal eavity (figure 21.15 a), 
and the head of the panereas lies within this are. The duodenum begins 
with a short, superior part, which is where it exits the pylorie part of 
the stomaeh, and ends in a sharp bend, which is where it joins the 
jejunum. Ducts from the liver and panereas open into the duodenum. 

The surface of the duodenum has several modifieations that 
inerease its surface area about 600-fold to allow for more effieient 
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Figlire 21.14 Small intestine 


digestion and absorption of food. The mucosa and submucosa form 
a series of folds ealled the circular folds (see figure 21.15^), which 
run perpendicular to the long axis of the digestive traet. Tiny, finger- 
like projeetions of the mucosa form numerous villi (vil'i, shaggy 
hair), which are 0.5—1.5 mm in length (see figure 21.15c). Eaeh vil- 
lus is eovered by simple eoffimnar epithelium and eontains a blood 
eapillary network and a lymphatie eapillary ealled a laeteal (lak'tè-àl) 
(see figure 21.15^/). The blood eapillary network and the laeteal are 
very important in transporting absorbed nutrients. Most of the eells 
that make up the surface of the villi have numerous eytoplasmie 
extensions (about 1 pm long) ealled mierovilli, which ffirther 
inerease the surface area (see figure 21.15^). 

The mucosa of the duodenum is simple eoffimnar epithelium 
with four major eell types: (1) Absorptive eells, which have mierovilli, 
produce digestive enzymes and absorb digested food; (2) goblet eells 
produce a proteetive mucus; (3) granular eells (Paneth eells) help 
proteet the intestinal epithelium from baeteria; and (4) endoerine 
eells produce regulatory hormones. The epithelial eells are produced 
within tubular invaginations of the mucosa, ealled intestinal glands, 
at the base of the villi. The absorptive and goblet eells migrate from the 
intestinal glands to eover the surface of the villi and evenmally are shed 
from its tip. The granular and endoerine eells remain in the bottom of 
the glands. The submucosa of the duodenum eontains eoiled, tubular 
mucous glands, ealled duodenal glands, which open into the base of 
the intestinal glands. 

Jejunum and lleum 

The jejunum (jé-joo'num) and ileum (il'è-um) are similar in struc- 
ture to the duodenum, except that a gradual deerease occurs in the 
diameter of the small intestine, the thiekness of the intestinal wall, 
the number of circular folds, and the number of villi as one pro- 
gresses through the small intestine. The duodenum and jejunum are 
the major sites of nutrient absorption, although some absorption 
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Figlire 21.15 Anatomy and Histology of the Duodenum apirj 

( a ) Ducts from the liver and panereas empty into the duodenum. (b) Wall of the duodenum, showing the circular folds. (c)The villi on a circular fold. (d) A single villus, 
showing the laeteal and eapillary network. (e) Transmission eleetron mierograph of mierovilli on the surface of a villus. 
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occurs in the ileum. DifFuse lymphatie tissue and lymphatie nodules, 
ealled Peyer’s patehes, are numerous in the mucosa and submucosa 
of the ileum. Lymphatie tissue in the digestive traet initiates immune 
responses against mieroorganisms that enter the mucosa from ingested 
food (see ehapter 19). 

The junction between the ileum and the large intestine is the 
ileoeeeal junction (see figure 21.14). It has a ring of smooth muscle, 

the ileoeeeal sphineter, and a one-way ileoeeeal valve. 

35 Name and deseribe the three parts of the small intestine. 

36 What are the circular folds, villi, and mierovilli in the small intestine? 

What are their functions? 

37 Name the four types of eells found in the duodenal mucosa, and state 
their functions. 

38 What are intestinal glands and duodenal glands? 

39 What is the function of lymphatie tissue in the digestive traet? 

Seeretions of the Small Intestine 

The mucosa of the small intestine produces seeretions that primarily 
eontain mucus, eleetrolytes, and water. Intestinal seeretions lubricate 
and proteet the intestinal wall from the aeidie ehyme and the aetion of 
digestive enzymes. They also keep the ehyme in the small intestine in 
a liquid form to faeilitate the digestive proeess. The intestinal mucosa 
produces most of the seeretions that enter the small intestine, but the 
seeretions of the liver and the panereas also enter the small intestine 
and play essential roles in the proeess of digestion (see table 21.1). 

The duodenal glands and goblet eells seerete large amounts of 
mucus. This mucus proteets the wall of the intestine from the irritat- 
ing effeets of aeidie ehyme and from the digestive enzymes that enter 
the duodenum from the panereas. The vagus nerve, seeretin, and 
ehemieal or taetile irritation of the duodenal mucosa stimulate seere- 
tion from the duodenal glands. Goblet eells produce mucus in 
response to the taetile and ehemieal stimulation of the mucosa. 

The mierovilli of absorptive eells have enzymes bound to their 
free surfaces that play a signifieant role in the final steps of digestion. 
Disaeeharidases (dì-sak'à-rid-às-ez) break down disaeeharides, such 


as maltose and isomaltose, into monosaeeharides. Peptidases (pep'ti- 
dàs-ez) break the peptide bonds in proteins to form amino aeids. 
Although these enzymes are not seereted into the intestine, the large 
surface area of the mierovilli brings these enzymes into eontaet with 
the intestinal eontents. Small molecules, which are breakdown prod- 
ucts of digestion, are absorbed through the mierovilli and enter the 
circulatory or lymphatie system. 

40 What is the main seeretion of duodenal glands and from goblet 
eells? 

41 List the enzymes of the small intestine wall and give their functions. 

Movement of the Small Intestíne 

Mixing and propulsion of ehyme are the primary meehanieal 
events that occur in the small intestine. Segmental eontraetions 
are propagated for only short distanees (figure 21.16). They mix 
seeretions from the small intestine, panereas, and liver with 
ingested materials, which promotes their digestion and absorption. 
Peristaltie eontraetions proeeed along the length of the intestine for 
variable distanees and cause the ehyme to move along the small intes- 
tine (see figure 21.9). 

Loeal reflexes are the most important regulator of eontraetions 
in the small intestine. Distention of the intestinal wall, amino aeids, 
and low pH stimulate eontraetions. Parasympathetie stimulation 
inereases eontraetions but is not as important for the intestines as for 
the stomaeh. 

The ileoeeeal sphineter at the juncture of the ileum and the large 
intestine remains mildly eontraeted most of the time. CNS and loeal 
reflexes eontrol the ileoeeeal sphineter. The ileoeeeal valve allows 
ehyme to move from the ileum into the large intestine but tends to 
prevent movement from the large intestine baek into the ileum. 

42 What are two kinds of movement of the small intestine? How are they 
regulated? 

43 What is the function of the ileoeeeal sphineter and valve? 


1. Aseeretion introduced into the 
digestive traet or food within the 
traet begins in one loeation. 


2. Segments of the digestive traet 
alternate between eontraetion 
and relaxation. 


3. Material (brown) in the intestine is 
spread out in both direetions from 
the site of introduction. 


4. The seeretion or food is spread out 
in the digestive traet and beeomes more 
diffuse (lighter eolor) through time. 


Seeretion or food 



Proeess Figure 21.16 Segmental eontraetions 
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21.10 Liver and Gallbladder 

Anatomy and Histology of the Liver 

The liver is the largest internal organ of the body, weighing about 
1.36 kg (3 pounds); it is in the right-upper quadrant of the abdomen, 
tucked against the inferior surface of the diaphragm (figure 21.17). 
Historieally, the liver was divided into four lobes based on superficial 
structures. Anteriorly, the boundary between the right and lefìt lobes 
is marked by the faleiform ligament. Inferiorly, the left lobe is sepa- 
rated from the quadrate and caudate lobes by the lesser omentum. 
The porta hepatis (gate of the liver) on the inferior surface of the 


liver is where the various vessels, ducts, and nerves enter and exit the 
liver. The porta hepatis separates the quadrate and caudate lobes. The 
gallbladder is a small sae on the inferior surface of the liver that 
stores bile. The gallbladder marks the division between the right and 
quadrate lobes. The inferior vena eava marks the division between the 
right and caudate lobes. 

A eonneetive tissue capsule and viseeral peritoneum eover the 
liver, except for the bare area, which is a small area on the diaphrag- 
matie surface that laeks a viseeral peritoneum and is surrounded by 
the eoronary ligament (see figure 21.17^ and e). At the porta hepatis, 
the eonneetive tissue capsule sends a branehing network of septa 
(walls) into the substance of the liver to provide its main support. 
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Figure 21.17 Liver ap:r 
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Vessels, nerves, and ducts follow the eonneetive tissue branehes 
throughout the liver. 

It is now known that the external division of the liver into lobes 
has nothing to do with its internal organization. Internally, the liver 
is divided into eight segments based on the distribution of blood 
vessels and ducts transporting bile. 



Liver Segments 

T 

Knowledge of the liver segments allows surgeons to safely 
remove parts of the liver—for example, the part of the liver eontain- 
ing a tumor. The remaining segments ean regenerate, and the liver 
will regrow to its original size in approximately 2 months. A liver 
divided by segments ean be transplanted into more than one per- 
son, helping more people who need a liver transplant. Also, using 
part of an adult liver for a liver transplant into a ehild aehieves a 
better size mateh. 


The porta hepatis eontains the hepatie artery (he-pa'tik, assoei- 
ated with the liver) and hepatie portal vein, which earry blood to 
the liver, and the lefìt and right hepatie ducts, which conduct bile 
toward the duodenum (see figure 21.17^). Connective tissue septa 
divide the liver segments into many hexagon-shaped lobules with a 
portal triad at eaeh eorner (figure 21.18). The triads are so named 
because they eontain three structures derived from the porta hepatis: 
branehes of the hepatie artery, hepatie portal vein, and hepatie ducts. 


The hepatie artery branehes and the hepatie portal branehes join 
enlarged eapillaries ealled hepatie sinusoids. The wall of the hepatie 
sinusoids eonsists of simple squamous epithelium (endothelium) and 
hepatie phagoeytie eells (Kupffer eells). The hepatie sinusoids join 
a eentral vein loeated in the eenter of the lobule. Hepatie eords 
radiate out from the eentral vein of eaeh lobule like the spokes of a 
wheel, surrounding the hepatie sinusoids. The hepatie eords are eom- 
posed of hepatoeytes, the fimetional eells of the liver. A eleftlike 
lumen, the bile canaliculus (kan-à-lik'u-lus, little eanal), lies between 
the hepatoeytes within eaeh eord. The bile canaliculi join the hepatie 
duct branehes in the portal triad. 

44 Describethefour lobes ofthe liver. What arethe porta hepatisand 
the bare area? 

45 What are liver segments and liver lobules? 

46 What are a portal triad, hepatie sinusoid, eentral vein, hepatie eord, 
and bile canaliculus? 

Functions of the Liver 

The liver performs important digestive and excretory functions, 
stores and proeesses nutrients, synthesizes new molecules, and 
detoxifies harmful ehemieals. 

Bile Production 

The liver produces and seeretes about 600—1000 mL of bile eaeh day. 
Bile eontains no digestive enzymes, but it plays a role in digestion 
because it neutralizes and dilutes gastrie aeid and emulsifies fats. The pH 
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Figure 21.18 Histology of the Liver 

The liver eonsists of hexagon-shaped lobules with a portal triad at eaeh eorner. A eentral vein is loeated in the eenter of eaeh lobule. 
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of ehyme as it leaves the stomaeh is too low for the normal function of eells, some baeteria, and other debris that enters the liver through 
panereatie enzymes. Biearbonate ions in bile help neutralize the aeidie the circulation. 
ehyme and bring the pH up to a level at which panereatie enzymes ean 

function. Bile salts emulsify fats, ehanging large lipid droplets into Synthesis 

much smaller droplets (see p. 677). Bile eontains excretory products, The p ver can produce its own new compounds. It produces many 

such as the bile pigment bilimbin (see ehapter 16). Bile also eontains blood proteins, such as albumins, fibrinogen, globulins, heparin, 

eholesterol, fats, fat-soluble hormones, and leeithin. anc [ dotting faetors, which are released into the circulation. 


Storage 

Hepatoeytes ean remove sugar from the blood and store it in the form 
of glyeogen. They ean also store fat, vitamins (A, B 12 , D, E, and K), 
eopper, and iron. This storage fianetion is usually short-term, and the 
amount of stored material in the hepatoeytes and the eell size fluctuate 
during a given day. 

Hepatoeytes help eontrol blood sugar levels within very nar- 
row limits. If a large amount of sugar were to enter the general 
circulation after a meal, it would inerease the osmolality of the 
blood and produce hyperglyeemia. This is prevented because the 
blood from the intestine passes to the liver, where glucose and other 
substances are removed from the blood by hepatoeytes, stored, and 
seereted baek into the circulation when needed. 

Nutrient intereonversion 

The intereonversion of nutrients is another important fimetion of the 
liver. Ingested nutrients are not ahvays in the proportion needed by 
the tissues. If this is the ease, the liver ean eonvert some nutrients 
into others. If, for example, a person is on a diet that is excessively 
high in protein, an oversupply of amino aeids and an undersupply of 
lipids and earbohydrates may be delivered to the liver. The hepato- 
eytes break down the amino aeids and eyele many of them through 
metabolie pathways so they ean be used to produce adenosine tri- 
phosphate, lipids, and glucose (see ehapter 22). 

Hepatoeytes also transform substances that eannot be used by 
most eells into more readily usable substances. For example, ingested 
fats are eombined with eholine and phosphoms in the liver to pro- 
duce phospholipids, which are essential eomponents of plasma mem- 
branes. The liver eonverts laetie aeid, produced by exercising muscle, 
to glucose. 

Detoxification 

Many ingested substances are harmful to the eells of the body. In addi- 
tion, the body itself produces many by-products of metabolism that, if 
accumulated, are toxic. The liver forms a major line of defense against 
many of these harmful substances. It detoxifies many substances by 
altering their structure to make them less toxic or to make their elimi- 
nation easier. Ammonia, for example, a by-product of amino aeid 
metabolism, is toxic and is not readily removed from the circulation by 
the kidneys. Hepatoeytes remove ammonia from the circulation and 
eonvert it to urea, which is less toxic than ammonia. The urea is 
seereted into the circulation and is then eliminated by the kidneys in 
the urine. Other substances are removed from the circulation and 
excreted by the hepatoeytes into the bile. 

Phagoeytosis 

Hepatie phagoeytie eells (Kupffer eells) in the walls of hepatie 
sinusoids phagoeytize a worn-out” and dying red and white blood 


47 Explain and give examples of the major functions of the liver. 


Hepatitis and eirrhosis 

Strietly defìned, hepatitis is an inflammation of the liver. 
lnfectious hepatitis ean be caused by viruses, baeteria, fungi, or 
parasites, whereas noninfectious hepatitis ean be caused by medi- 
eations, toxins, and autoimmune disorders. In the Llnited States, 
hepatitis viruses A, B, C, and D cause most eases of infectious hepa- 
titis. Many individuals infeeted by hepatitis virus are asymptomatie. 
Others develop fever, abdominal diseomfort, nausea, loss of appe- 
tite, fatigue, and other symptoms. Liver damage ean occur, resulting 
in jaundice and loss of liver function as liver eells die and are 
replaeed with sear tissue. Severe damage and liver failure cause 
death. ehronie hepatitis B infeetions also lead to the development 
of liver eaneer. 

eirrhosis (sir-ró'sis) of the liver involves the death of hepato- 
eytes and their replaeement by fibrous eonneetive tissue. The liver 
beeomes pale in eolor (the term eirrhosis means a tawny or orange 
eondition) because of the presenee of excess white eonneetive tis- 
sue. It also beeomes fìrmer, and the surface beeomes nodular. The 
loss of hepatoeytes eliminates the function of the liver, often result- 
ing in jaundice. The buildup of eonneetive tissue ean impede blood 
flow through the liver. Cirrhosis frequently develops in aleoholies 
and ean develop as a result of biliary obstruction, hepatitis, or nutri- 
tional defìeieneies. 


Blood Flow Through the Liver 

The hepatie artery takes oxygenated blood to the liver, which stipplies 
hepatoeytes with oxygen (figure 21.19, step 1). The hepatie portal 
vein earries blood from the digestive traet to the liver (figure 21.19, 
step 2). Portal blood vessels are blood vessels that begin in a primary 
eapillary bed, extend some distanee, and end in a seeond eapillary 
bed. The hepatie portal system is one of two major portal systems. 
The other is the hypothalamohypophyseal portal system in the brain 
(see ehapter 15). 

The hepatie portal system begins with eapillaries in the digestive 
traet and ends with the hepatie sinusoids (eapillaries) in the liver. The 
hepatie portal vein has blood that is deoxygenated because oxygen left 
the blood in the eapillaries of the digestive traet. The blood, however, 
eontains materials, such as nutrients, absorbed from the digestive 
traet. These absorbed materials leave the blood in the eapillaries of the 
liver and are proeessed (see a Functions of the Fiver,” p. 665). 

The hepatie artery and hepatie portal vein enter the porta hepa- 
tis and braneh many times to supply the portal triads. The hepatie 
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1. The hepatie artery earries oxygenated blood from 
the aorta through the porta of the liver. Hepatie 
artery branehes beeome part of the portal triads. 
Blood from the hepatie artery branehes enters the 
hepatie sinusoids and supplies hepatoeytes in the 
hepatie eords with oxygen. 

2. The hepatie portal vein earries nutrient-rich, 
deoxygenated blood from the intestines through 
the porta of the liver. Hepatie portal vein 
branehes beeome part of the portal triads. Blood 
from the hepatie portal vein branehes enters the 
hepatie sinusoids and supplies hepatoeytes in the 
hepatie eords with nutrients. 

3. Blood in the hepatie sinusoids that eomes from 
the hepatie artery and hepatie portal vein pieks up 
plasma proteins, proeessed molecules, and waste 
products produced by the hepatoeytes of the 
hepatie eords. The hepatie sinusoids empty into 
eentral veins. The eentral veins eonneet to hepatie 
veins, which eonneet to the inferior vena eava. 

4. Bile produced by hepatoeytes in the hepatie eords 
enters bile canaliculi, which eonneet to hepatie 
duct branehes that are part of the portal triads. 

5. The hepatie duct branehes eonverge to form the 
left and right hepatie ducts, which earry bile out 
the porta of the liver. 
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artery and hepatie portal vein branehes in a triad empty into a 
hepatie sinusoid. Thus, the hepatoeytes surrounding the hepatie 
sinusoid reeeive oxygen and substances absorbed from the digestive 
traet. The mixed blood flows toward the eenter of eaeh lobule into a 
eentral vein. The eentral veins from all the lobules unite to form the 
hepatie veins, which earry blood out of the liver to the inferior vena 
eava (figure 21.19, step 3). 

In the fetus, the liver does not proeess absorbed nutrients 
from the digestive traet because the fetus derives the nutrients 
from the mother’s blood at the plaeenta. In the adult, the round 
ligament (ligamentum teres) is the remnant of the fetal blood ves- 
sel earrying blood from the plaeenta to the liver (see figure 21.17a). 
The ligamentum venosum is the remnant of the fetal blood vessel 
through which blood bypasses the liver (see ehapter 23). 

48 What is the hepatie portal system? 

49 Deseribe the oxygen and nutrient levels in the blood of the hepatie 
artery and hepatie portal vein. 

50 Starting with the hepatie artery and hepatie portal vein, deseribe in 
order all the structures through which blood flows to reaeh the 
inferior vena eava. 

51 What are the round ligament (ligamentum teres) and the ligamentum 
venosum? 


Bile Transport 

Bile, produced by the hepatoeytes, flows through the bile canaliculi 
to the hepatie duct branehes in the portal triads. The hepatie ducts 
eonverge and empty into the right and left hepatie ducts, which 
transport bile out of the liver (figure 21.19, steps 4 and 5). The right 


and left hepatie ducts unite to form a single eommon hepatie duct 
(figure 21.20). The eommon hepatie duct is joined by the eystie 
(sis'tik, kystis , bladder) duct from the gallbladder to form the eom- 
mon bile duct. The gallbladder is a small sae on the inferior surface 
of the liver that stores and eoneentrates bile. The eommon bile duct 
joins the panereatie duct at the hepatopanereatie ampulla (hé- 
pat'ò-pan-erè-at'ik am-purià), an enlargement where the hepatie 
and panereatie ducts eome together. The hepatopanereatie ampulla 
empties into the duodenum at the major duodenal papilla (see 
figure 21.18). Smooth muscle sphineters surround the eommon bile 
duct, hepatopanereatie ampulla, and panereatie duct. 

52 Starting with a hepatoeyte, list in order all the structures through 
which bile flows to reaeh the duodenum. 

Gallbladder and Bile Storage 

The gallbladder is a saelike structure on the inferior surface of the 
liver that is about 8 em long and 4 em wide (see figure 21.20). Three 
tunics form the gallbladder wall: (1) an inner mucosa folded into 
rugae that allow the gallbladder to expand; (2) a muscularis externa, 
which is a layer of smooth muscle that allows the gallbladder to eon- 
traet; and (3) an outer eovering of serosa. The eystie duct eonneets 
the gallbladder to the eommon bile duct. 

Bile is continually seereted by the liver and flows through the 
eystie duct to the gallbladder, where 40—70 mL of bile ean be stored. 
While the bile is in the gallbladder, water and eleetrolytes are absorbed, 
and bile salts and pigments beeome as much as 3—10 times more eon- 
eentrated than they were when seereted by the liver. Contraction of the 
gallbladder moves the stored bile into the duodenum. 


1. The hepatie ducts, which earry bile 
from the liver lobes, eombine to form 
the eommon hepatie duct. 


2. The eommon hepatie duct eombines 
with the eystie duct from the gallbladder 
to form the eommon bile duct. 


3. The eommon bile duct and the 
panereatie duct eombine to form the 
hepatopanereatie ampulla. 


4. The hepatopanereatie ampulla empties 
bile and panereatie seeretions into the 
duodenum at the major duodenal 
papilla. 


5. The aeeessory panereatie duct empties 
panereatie seeretions into the 
duodenum at the minor duodenal 
papilla. 
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Gallstones 


Cholesterol, seereted by the liver, may preeipitate in the gall- 
bladder to produce gallstones (figure A). eholesterol is not soluble 
in vvater and is ordinarily kept in solution by bile salts. Gallstones 
ean form vvhen there is excess eholesterol in the bile due to a high- 
eholesterol diet or vvhen eholesterol is overly eoneentrated in the 
gallbladder. Oeeasionally, a gallstone passes out of the gallbladder 
and enters the eystie duct, bloeking the release of bile. Such a eon- 
dition interferes vvith normal digestion, and the gallstone often 
must be removed surgically. If the gallstone moves far enough 
dovvn the duct, it ean also bloek the panereatie duct, resulting in 
panereatitis. 



Figure A Gallstones 


53 Deseribe the three tunics of the gallbladder vvall. 

54 How does bile reaeh the gallbladder? What is the function of the 
gallbladder? 

Regulat on of Bile Seeretion 

and Release 

Seeretin released from the duodenum stimulates bile seeretion, primar- 
ily by inereasing the water and biearbonate ion eontent of bile (figure 
21.21). Cholecystokinin released from the duodenum stimulates the 
gallbladder to eontraet and sphineters of the bile duct and hepatopan- 
ereatie ampulla to relax. To a lesser degree, parasympathetie stimula- 
tion through the vagus nerves causes the gallbladder to eontraet. Thus, 
large amounts of eoneentrated bile move rapidly into the duodenum. 

Bile salts also inerease bile seeretion through a positive-feedbaek 
system. Over 90% of bile salts are reabsorbed in the ileum and ear- 
ried in the blood baek to the liver, where they contribute to further 
bile seeretion. The loss of bile salts in the feees is reduced by this 
reeyeling proeess. 

55 How do seeretin and bile salts affeet bile seeretion? 

56 How do eholeeystokinin and parasympathetie stimulation affeet 
the movement of bile from the gallbladder to the duodenum? 


Prediet 



Regulation of the seeretion of bile salts by bile salts is a positive-feedbaek 
meehanism. How does this positive-feedbaek meehanism get turned off? 


1. Seeretin, produced by the 
duodenum (purple arrows) and 
earried through the circulation to the 
liver, stimulates biearbonate 
seeretion into bile (green arrows 
inside the liver). 

2. Cholecystokinin, produced by the 
duodenum (pink arrows) and 
earried through the circulation to the 
gallbladder, stimulates the 
gallbladder to eontraet and 
sphineters to relax, thereby releasing 
bile into the duodenum (green 
arrow outside the liver). 

3. Vagus nerve stimulation (red arrow) 
causes the gallbladder to eontraet, 
thereby releasing bile into the 
duodenum. 

4. Bile salts stimulate bile seeretion. 
Over 90% of bile salts are 
reabsorbed in the ileum and 
returned to the liver (blue arrows), 
where they stimulate additional 
seeretion of bile salts. 
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21.11 Panereas 

Anatomy and H stology 

of the Panereas 

The panereas is loeated retroperitoneal, posterior to the stomaeh in the 
inferior part of the left-upper quadrant (see figure 21.1). It eonsists of a 
head, loeated within the curvature of the duodenum (figure 21.22^), a 
body, and a tail, which extends to the spleen (see figure 21.20). The 
panereas is a complex organ eomposed of endoerine and exocrine tissues 
performing several fiinetions. The endoerine part of the panereas eon- 
sists of panereatie islets (islets of Langerhans). The islet eells produce 
the hormones insulin and glucagon, which enter the blood. These hor- 
mones are very important in eontrolling blood levels of nutrients, such 
as glucose and amino aeids (see ehapter 15). 

The exocrine part of the panereas is a compound aeinar gland 
(see ehapter 4). The aeini (as'i-nl, grapes) produce digestive enzymes. 
Clusters of aeini are eonneeted by small ducts, which join to form 


larger ducts, and the larger ducts join to form the panereatie duct. The 
panereatie duct joins the eommon bile duct at the hepatopanereatie 
ampulla and empties into the duodenum at the major duodenal 
papilla. An aeeessory panereatie duct, present in most people, opens 
at the minor duodenal papilla. A smooth muscle sphineter surrounds 
the panereatie duct where it enters the hepatopanereatie ampulla and 
there is a smooth muscle sphineter at the minor duodenal papilla. 

57 Deseribe the loeation of the panereas and its parts. 

58 Deseribe the endoerine and exocrine parts of the panereas and their 
seeretions. 

59 How do panereatie seeretions reaeh the duodenum? 

Panereatie Seeretions 

Panereatie juice, the exocrine seeretion of the panereas, moves 
through the panereatie ducts to the small intestine, where it fimetions 
in digestion. Panereatie juice has an aqueous and an enzymatie eom- 
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Figlire 21.22 Anatomy and Histology of the Diiodeniim and Panereas 

(c7)The head of the panereas lies within the duodenal curvature, with the panereatie duct emptying into the duodenum. (b) Histology of the panereas, showing both 
the aeinar eells and the panereatie duct system. 
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ponent. The aqueous eomponent is produced prineipally by colum- 
nar epithelial eells that line the smaller ducts of the panereas. 
Biearbonate ions are a major part of the aqueous eomponent, and 
they neutralize the aeidie ehyme that enters the small intestine from 
the stomaeh. The inereased pH caused by panereatie seeretions in the 
duodenum stops pepsin digestion but provides the proper environ- 
ment for the function of panereatie enzymes. 

The enzymatie eomponent eonsists of enzymes produced by 
the aeinar eells of the panereas. These enzymes are important for the 
digestion of all major elasses of food. Without the enzymes produced 
by the panereas, earbohydrates, lipids, and proteins are not ade- 
quately digested (see table 21.1). 

The proteolytie panereatie enzymes digest proteins. The major 
proteolytie enzymes are trypsin, ehymotrypsin, and carboxypepti- 
dase. They are seereted in inaetive forms, whereas many of the other 
enzymes are seereted in aetive form. They are seereted in their inaetive 
forms as trypsinogen, ehymotrypsinogen, and procarboxypeptidase and 
are aetivated by the removal of eertain peptides from the larger precur- 
sor proteins. If these enzymes were produced in their aetive forms, they 
would digest the tissues producing them. 

Panereatie juice also eontains panereatie amylase, which eontin- 
ues the polysaeeharide digestion initiated in the oral eavity; panereatie 
lip ases, which break down lipids; and nucleases (noo' kle-as-ez), which 
reduce DNA and ribonucleic aeid to their eomponent nucleotides. 

60 What is in the two eomponents of panereatie juice? Where are these 
eomponents produced? 

61 What are the enzymes present in panereatie juice? Explain the 
function of eaeh. 



Panereatitis and Panereatie eaneer 


Panereatitis is an inflammation of the panereas that occurs quite 
eommonly. Panereatitis involves the release of panereatie enzymes 
within the panereas itself, which digest panereatie tissue. It ean result 
from aleoholism, the use of eertain drugs, panereatie duct bloekage, 
eystie fìbrosis, viral infeetion, or panereatie eaneer. Symptoms range 
from mild abdominal pain to systemie shoek and eoma. 

Cancer of the panereas ean obstmet the panereatie duct and the 
eommon bile duct, resulting in jaundice. Panereatie eaneer may not 
be deteeted until the tumor has beeome fairly large, and it ean 
beeome so large as to bloek off the pylorie part of the stomaeh. 


Regiilation of Panereatie Seeretìon 

Both hormonal and neural meehanisms eontrol the exocrine seere- 
tions of the panereas (figure 21.23). An aeidie ehyme in the duode- 
num stimulates the release of seeretin. Seeretin stimulates the 
seeretion of the aqueous eomponent of panereatie juice, which eon- 
tains a large amount of biearbonate ions. The biearbonate ions 
inerease the pH of ehyme in the duodenum so that the duodenum is 
not damaged by the low pH. In addition, panereatie and mierovilli 
enzymes do not fimetion at a low pH. 


Prediet 



Explain why seeretin production in response to aeidie ehyme and its stimula- 
tion of biearbonate ion seeretion is a negative-feedbaek meehanism. 


1. Seeretin (purple arrows) 
released from the duodenum 
stimulates the panereas to 
release a watery seeretion rieh 
in HC0 3 “. 

2. Cholecystokinin (pink arrows) 
released from the duodenum 
causes the panereas to release 
a seeretion rieh in digestive 
enzymes. 

3. Parasympathetie stimulation 
from the vagus nerve (red 
arrow) causes the panereas to 
release a seeretion rieh in 
digestive enzymes. 
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Cholecystokinin stimulates the seeretion of the enzymatie eom- 
ponent of panereatie juice. The major stimulus for the release of 
eholeeystokinin is the presenee of fatty aeids and other lipids in the 
duodenum. Cholecystokinin also causes the sphineters of the panere- 
atie duct and hepatopanereatie ampulla to relax. 

Parasympathetie stimulation through the vagus (X) nerves also 
stimulates the seeretion of panereatie juices rieh in panereatie 
enzymes, and sympathetie impulses inhibit seeretion. The effeet of 
vagal stimulation on panereatie juice seeretion is greatest during the 
eephalie and gastrie phases of stomaeh seeretion. 

62 What stimulates the release of the aqueous and enzymatie 
eomponents of panereatie juice? 

21.12 Large intestìne 

The large intestine is the portion of the digestive traet extending from 
the ileoeeeal junction to the anus. It eonsists of the cecum, eolon, ree- 
tum, and anal eanal. While in the eolon, ehyme is eonverted to feees. 
The absorption of water and salts, seeretion of mucus, and extensive 
aetion of mieroorganisms are involved in the formation of feees, which 
the eolon stores until the feees are eliminated by the proeess of defeeation. 

Anatomy and Histology of 
the Large Intestine 

Cecum 

The cecum (sè'kíim, blind) is the proximal end of the large intestine. 
It is where the large and small intestines meet at the ileoeeeal junction. 
The cecum is a sae extending inferiorly about 6 em past the ileoeeeal 


junction (figure 21.24). Attaehed to the cecum is a small, blind tube 
about 9 em long ealled the vermiform (ver'mi-fòrm, worm-shaped) 
appendix. The walls of the appendix eontain many lymphatie nodules. 

Íj'i. 

Appendieitis 

Appendieitis is an inflammation of the appendix; it usually occurs 
because of obstruction. Seeretions from the appendix eannot pass the 
obstmetion and accumulate, causing enlargement and pain. Baeteria 
in the area ean cause infeetion. Symptoms include sudden abdominal 
pain, particularly in the right-lower quadrant of the abdomen, along 
with a slight fever, loss of appetite, eonstipation or diarrhea, nausea, 
and vomiting. If the appendix bursts, the infeetion ean spread 
throughout the peritoneal eavity, causing peritonitis, with life- 
threatening results. Eaeh year, 500,000 people in the Llnited States suf- 
ferfrom appendieitis. An appendeetomy is removal of the appendix. 

McBurney f s point is loeated on the abdomen in the right-lower 
quadrant approximately one-third of the distanee along a line 
from the anterior superior iliae spine to the umbilicus. McBurney's 
point is over the most eommon loeation of the attaehment of the 
appendix to the cecum. Pain produced by applying pressure to 
McBurney's point is suggestive of appendieitis. However, many eases 
of appendieitis do not exhibit pain at McBurney's point, and other 
eonditions ean cause pain at McBurney's point. 

eolon 

The eolon (kó'lon) is about 1.5-1.8 m long and eonsists of four 
parts: the aseending eolon, the transverse eolon, the deseending 
eolon, and the sigmoid eolon (see figure 21.24). The aseending 
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Figlire 21.24 Large Intestine apir 

(c/)The large intestine eonsists of the cecum, eolon, rectum, and anal eanal.The teniae eoli are along the length of the eolon. (ò) Radiograph of the large intestine 
following a barium enema. 
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eolon extends siiperiorly from the cecum to the liver, where it turns 
to the left, forming the right eolie flexure (hepatie flexure). The 
transverse eolon extends from the right eolie flexure to the spleen, 
where it turns inferiorly, forming the left eolie flexure (splenie flex- 
ure). The deseending eolon extends from the left eolie flexure to the 
pelvis, where it beeomes the sigmoid eolon. The sigmoid eolon 
forms an S-shaped tube that extends medially and then inferiorly 
into the pelvie eavity and ends at the rectum. 

The circular muscle layer of the eolon is eomplete, but the lon- 
gitudinal muscle layer is ineomplete. The longitudinal layer does not 
eompletely envelop the intestinal wall but forms three bands, ealled 
the teniae eoli (tè'nè-è kò'll, a band or tape along the eolon), that 
run the length of the eolon (see figure 21.24). Haustra (haw'strà, to 
draw up) are pouches formed in the eolon wall along its length, giv- 
ing the eolon a puckered appearanee. 

The mucosal lining of the large intestine eonsists of simple colum- 
nar epithelium. This epithelium is not formed into folds or villi like that 
of the small intestine but has numerous, straight, tubular glands ealled 
erypts. The erypts are somewhat similar to the intestinal glands of the 
small intestine, with three eell types—absorptive, goblet, and granular 
eells. The major differenee is that, in the large intestine, goblet eells 
predominate and the other two eell types are greatly reduced in number. 

Rectum 

The rectum is a straight, muscular tube that begins at the termina- 
tion of the sigmoid eolon and ends at the anal eanal (see figure 21.24). 
The mucosal lining of the rectum is simple columnar epithelium, and 
the muscular tunic is relatively thiek, eompared with the rest of the 
digestive traet. 

Anal eanal 

The last 2—3 em of the digestive traet is the anal eanal (see figure 21.24). 
It begins at the inferior end of the rectum and ends at the anus, the 
inferior opening of the digestive traet. The smooth muscle layer of the 
anal eanal is even thieker than that of the rectum and forms the internal 
anal sphineter at the superior end of the anal eanal. Skeletal muscle 
forms the external anal sphineter at the inferior end of the eanal. The 
epithelium of the superior part of the anal eanal is simple columnar and 
that of the inferior part is stratified squamous. 

Hemorrhoids 

Hemorrhoids are enlarged reetal veins. Enlargement is assoeiated 
with inereased pressure in the veins, as occurs when straining to have a 
bowel movement (eonstipation), pregnaney, and liver disease. Internal 
hemorrhoids are enlarged reetal veins in the anal eanal.They are usually 
painless but often bleed following a bowel movement.The most eom- 
mon sign of internal hemorrhoids is blood on toilet paper. Prolapse, or 
extrusion, of an internal hemorrhoid through the anus ean be painful. 
External hemorrhoids are enlarged reetal veins around the anus. The 
development of a blood elot in an external hemorrhoid ean be painful. 
Treatments for hemorrhoids include inereasing the bulk (indigestible 
fìber) in the diet, taking sitz baths, and using hydroeortisone supposito- 
ries. Surgery may be neeessary if the eondition is extreme and does not 
respond to other treatments. 


63 Deseribethe parts ofthe large intestine and the eolon. What are 
teniae eoli, haustra, and erypts? 

64 Explain the differenee in structure between the internal anal 
sphineter and the external anal sphineter. 

Seeretions of the Large intestine 

The mucosa of the eolon has numerous goblet eells seattered along 
its length and numerous erypts lined almost entirely with goblet 
eells. Little enzymatie aetivity is assoeiated with seeretions of the 
eolon because mucus is the major seeretory product. Mucus lubri- 
eates the wall of the eolon and helps the feeal matter stiek together. 
Taetile stimuli and irritation of the wall of the eolon trigger loeal 
enterie reflexes that inerease mucous seeretion. Parasympathetie 
stimulation also inereases the seeretory rate of the goblet eells. 

The feees that leave the digestive traet eonsist of water, solid 
substances (e.g., undigested food), mieroorganisms, and sloughed-off 
epithelial eells. 

Numerous mieroorganisms inhabit the eolon. They reproduce 
rapidly and ultimately constitute about 30% of the dry weight of the 
feees. Some baeteria in the intestine synthesize vitamin K, which is 
passively absorbed in the eolon. Baeterial aetions in the eolon produce 
gases ealled flatus (flà'tus, blowing). The amount of flatus depends 
partly on the baeterial population in the eolon and partly on the type 
of food consumed. For example, beans, which eontain eertain eom- 
plex earbohydrates, are well known for their flatus-producing effeet. 

65 What is the major seeretory product of the large intestine? How are 
seeretions regulated in the large intestine? 

66 What is the role of mieroorganisms in the eolon? 

Movement in the Large Intestine 

Normally, 18—24 hours are required for material to pass through the 
large intestine, in eontrast to the 3—3 hours required for the move- 
ment of ehyme through the small intestine. Simultaneous eontrae- 
tions of the circular muscles and teniae eoli of the eolon wall cause 
eonstrietion and shortening of the eolon, resulting in haustra forma- 
tion. As the eolon eonstriets and bulges, its eontents are mixed. In 
addition, the formation of haustra proeeeds toward the anus, result- 
ing in the slow, analward movement of eolon eontents. Loeal reflexes 
regulate haustra formation. 

Three or four times eaeh day, the circular muscles in large 
parts of the transverse and deseending eolon undergo several 
strong peristaltie eontraetions, ealled mass movements. Eaeh mass 
movement eontraetion extends over 20 em of the eolon and pro- 
pels the eolon eontents a eonsiderable distanee toward the anus. 
Mass movements are stimulated by irritation or distention of the 
eolon, loeal reflexes in the enterie plexus, and intense parasympa- 
thetie stimulation. The gastroeolie and duodenocolic reflexes are 
loeal reflexes that ean stimulate mass movements (figure 21.23, 
steps 1 and 2). The gastroeolie reflex is initiated in the stomaeh 
and the duodenocolic reflex is initiated in the duodenum. The 
thought or smell of food, distention of the stomaeh, and the 
movement of ehyme into the duodenum ean stimulate these 
reflexes. Mass movements are most eommon about 15 minutes 
after breakfast. They usually persist for 10—30 minutes and then 
stop for perhaps half a day. 
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1. The thought or smell of food, distention 
of the stomaeh, and the movement of 
ehyme into the duodenum ean stimulate 
the gastroeolie and duodenocolic 
reflexes (green arrows). 

2. The gastroeolie and duodenocolic 
reflexes stimulate mass movements in 
the eolon, which propel the eontents of 
the eolon toward the rectum ( orange 
arrow). 

3. Distention of the rectum by feees 
stimulates loeal defeeation reflexes. 
These reflexes cause eontraetions of the 
eolon and rectum ( brown arrow), which 
move feees toward the anus. 

4. Loeal reflexes cause relaxation of the 
internal anal sphineter ( brown arrow). 

5. Distention of the rectum by feees 
stimulates parasympathetie reflexes. 
Aetion potentials are propagated to the 
defeeation reflex eenter loeated in the 
spinal eord (yellow arrow). 

6. Aetion potentials stimulate eontraetion of 
the eolon and rectum and relaxation of 
the internal anal sphineter (purple 
arrows). 

7. Aetion potentials are propagated through 
aseending nerve traets to the brain (blue 
arrow). 

8. Deseending nerve traets from the brain 
regulate the defeeation reflex eenter 
(pink arrow). 

9. Aetion potentials from the brain eontrol 
the external anal sphineter (purple 
arrow). 
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Proeess Figure 21.25 eontrol of Defeeation 


Distention of the reetal wall by feees stimulates the defeeation 
reflex, which eonsists of loeal and parasympathetie reflexes. Loeal 
reflexes cause weak eontraetions, whereas parasympathetie reflexes 
cause strong eontraetions and are normally responsible for most of the 
defeeation reflex. Loeal reflexes cause weak eontraetions of the distal 
eolon and rectum and relaxation of the internal anal sphineter (fig- 
ure 21.25, steps 3 and 4). Defeeation requires that the eontraetions that 
move feees toward the anus be eoordinated with the relaxation of the 
internal and external anal sphineters. 

Aetion potentials produced in response to the distention travel 
along sensory nerve fibers to the defeeation eenter in the conus 
medullaris of the spinal eord (S2—S4), where motor aetion potentials 
are initiated that reinforee peristaltie eontraetions in the lower eolon 
and rectum. Aetion potentials from the spinal eord also cause the 
internal anal sphineter to relax (figure 21.25, steps 5 and 6). 

Aetion potentials from the saeral spinal eord aseend to the brain, 
where parts of the brainstem and hypothalamus inhibit or faeilitate 
reflex aetivity in the spinal eord (figure 21.25, steps 7 and 8). In addi- 
tion, aetion potentials aseend to the eerebmm, where awareness of the 
need to defeeate is realized. The external anal sphineter is eomposed of 
skeletal muscle and is under conscious eerebral eontrol. If this sphineter 


is relaxed voluntarily, feees are expelled. On the other hand, inereased 
eontraetion of the external anal sphineter prevents defeeation (fig- 
ure 21.25, step 9). The defeeation reflex persists for only a few minutes 
and quickly deelines. Generally, the reflex is reinitiated after a period 
that may be as long as several hours. Mass movements in the eolon are 
usually the reason for the reinitiation of the defeeation reflex. 

Contraction of the internal and external anal sphineters prevents 
defeeation. Resting sphineter pressure results from tonie muscle eon- 
traetions, mostly of the internal anal sphineter. In response to 
inereased abdominal pressure, reflexes mediated through the spinal 
eord cause eontraetions of the external anal sphineter. Thus, the 
untimely expulsion of feees during coughing or exertion is avoided. 

Defeeation ean be initiated by voluntary aetions that stimulate 
a defeeation reflex. This “straining” includes a large inspiration of air, 
followed by closure of the larynx and foreefial eontraetion of the 
abdominal muscles. As a consequence, the pressure in the abdominal 
eavity inereases and forees feees into the reernm. Streteh of the ree- 
tum initiates a defeeation reflex and input from the brain overrides 
the reflexive eontraetion of the external anal sphineter stimulated by 
inereased abdominal pressure. The inereased abdominal pressure also 
helps push feees through the reernm. 
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On Being "Regular" 

The importanee of the regularity of defeeation has been greatly 
overestimated. Many people have the misleading notion that a daily 
bovvel movement is eritieal for good health. As vvith many other body 
functions, vvhat is "normal" differs from person to person. Whereas 
many people defeeate one or more times per day, some normal, 
healthy adults defeeate on the average only every other day. A defeea- 
tion rate of only tvviee per vveek, hovvever, is usually deseribed as eon- 
stipation. Habitually postponing defeeation vvhen the defeeation reflex 
occurs ean lead to eonstipation and may eventually result in desensiti- 
zation of the rectum so that the defeeation reflex is greatly diminished. 


67 Hovv are the eontents of the eolon mixed? What are mass movements? 

68 Deseribe gastroeolie and duodenocolic reflexes. 

69 What stimulus initiates the defeeation reflex? Deseribe the role of 
loeal and parasympathetie reflexes in defeeation. 

70 Hovv are the internal anal sphineter and the external anal sphineter 
eontrolled during defeeation? 


CASE STIIDY 


Spinal eord lnjury and 
Defeeation 


Dan, a 17-year-old male, vvas driving home late at night from a ski 
trip vvhen he missed a sharp curve and erashed. He suffered trau- 
matie injury at theT11 level of the spinal eord, vvith eomplete paraly- 
sis of both lovver limbs. Dan also has ineontinenee and is no longer 
able to eontrol his bovvel movements. A loss of the ability to eontrol 
defeeation eommonly affeets the quality of life of most spinal eord 
injury patients. About 10,000 nevv spinal eord injuries occur per year 
in the Llnited States. About 80% of those injuries involve men, usu- 
ally in their late teens or tvventies. The most eommon cause is motor 
vehiele aeeidents, follovved by violenee, falls, and sports. 

The spinal eord is required for a normal defeeation reflex and 
voluntary eontrol of the external anal sphineter (see figure 21.25). In 
regard to defeeation, spinal eord injuries ean be divided into tvvo 
groups based on the level of injury: those that occur above the 
conus medullaris and those that damage the conus medullaris 
vvhere the defeeation reflex eenter is loeated. Immediately follovving 
a spinal eord injury, there is a loss of reflexes belovv the level of the 
injury, ealled spinal shoek (see ehapter 12). The reflexes usually 
beeome functional again, hovvever, and the defeeation reflex is usu- 
ally depressed for a fevv vveeks but eventually returns. 



Prediet 


Dan has injured his spinal eord above the conus medullaris and has reeov- 
ered from spinal shoek. 

a. Explain how Dan's spinal eord injury results in the loss of voluntary 
eontrol of defeeation. 

b. With Dan's spinal eord injury, he ean induce defeeation at a seleeted 
time using an enema. How does an enema cause a bowel movement 
in Dan? 


e. Dan has found that an enema is usually most effeetive after 
breakfast. Why is this so? 

d. Dan has found that straining to have a bowel movement actually 
makes it more difficult to do so. Explain. 

e. If spinal eord injury damages the conus medullaris, it is still possible 
for defeeation to occur. Explain. 


21.13 Digestion, Absorption, 

and Transport 

Digestion is the breakdown of food to moleetiles that are small 
enough to be absorbed into the circulation. Meehanieal digestion 
breaks large food partieles down into smaller ones. Chemical 
digestion is the breaking of eovalent ehemieal bonds in organie 
molecules by digestive enzymes. Carbohydrates are broken down 
into monosaeeharides, fats are broken down into fatty aeids and 
monoglyeerides, and proteins are broken down into amino aeids. 

Absorption is the uptake of digestive traet eontents by the lining 
of the digestive traet. A few ehemieals, such as nitroglyeerin, ean be 
absorbed through the thin mucosa of the oral eavity below the tongue. 
Some small molecules, such as aleohol and aspirin, ean diffuse through 
the stomaeh epithelium into the circulation. Most absorption occurs in 
the duodenum and jejunum, although some absorption occurs in the 
ileum. Transport is the distribution of nutrients throughout the body. 

71 Define digestion, meehanieal digestion, ehemieal digestion, absorption, 
and transport. 

earbohydrates 

Ingested earbohydrates eonsist primarily of polysaeeharides, such as 
starehes; disaeeharides, such as sucrose (table sugar) and laetose (milk 
sugar); and monosaeeharides, such as glucose and fmetose (the sugar 
found in many frnits). A minor amount of earbohydrate digestion 
begins in the oral eavity with the partial digestion of starehes by salivary 
amylase (am'il-às), which splits off the disaeeharides maltose and iso- 
maltose from stareh. Stareh digestion continues in the stomaeh until the 
food is well mixed with aeid, which inaetivates salivary amylase. Carbo- 
hydrate digestion is resumed in the intestine by panereatie amylase. A 
series of disaeeharidases that are bound to the mierovilli of the intesti- 
nal epithelium digest disaeeharides into monosaeeharides (table 21.2). 

Laetose intoleranee 

Laetose intoleranee is the inability to digest the laetose sugar 
found in milk and other dairy products. Adults in most of the world are 
laetose intolerant, although infants are not. Why ean infants digest 
milk when their parents eannot? The reason is that many adults laek 
the enzyme laetase. Laetase is on the surface of absorptive eells in the 
intestinal mucosa; it digests the disaeeharide laetose down to two 
monosaeeharides, glucose and galaetose. The consequence of lae- 
tose intoleranee is diarrhea due to fluid loss as water follows laetose 
through the Gl traet. In addition, a eonsiderable amount of gas is 
generated from laetose metabolism by baeteria in the large intestine. 
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Table 21.2 


Digestion of the Three Major Food Types 


Carbohydrates 


Lipids 


Proteins 



Monosaeeharides 


Fatty aeids 
Monoglyeerides 


Tripeptides 
Dipeptides 
Amino aeids 


1. A Na + -K + pump establishes a 
Na + eoneentration gradient from 
outside to inside the intestinal 
epithelial eell. 

2. Glucose is absorbed by symport 
along with Na + . 

3. Glucose moves out of the eell by 
faeilitated diffusion. 

4. Glucose enters the eapillary of an 
intestinal villus and is earried 
through the hepatie portal vein to 
the liver. 



Na + To liver 


Proeess Figure 21.26 Transport of Monosaeeharides Aeross the Intestinal Epithelium 


Some monosaeeharides, such as glucose and galaetose, are taken 
up into intestinal epithelial eells by symport, powered by a Na + gra- 
dient (figure 21.26). The Na + gradient is generated by a Na + —K + 
pump. Other monosaeeharides, such as fructose, are taken up by 
faeilitated diffusion. Onee inside the intestinal epithelial eell, mono- 


saeeharides are transferred by faeilitated diffusion to the eapillaries of 
the intestinal villi (see figure 21.15) and are earried by the hepatie 
portal system to the liver (see figure 21.19), where the nonglucose 
sugars are eonverted to glucose. Glucose enters the body’s eells 
through faeilitated diffusion. The rate of glucose transport into most 
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types of eells is greatly influenced by insulin and may inerease 
10-fold in its presenee (see ehapter 15). 

72 Deseribe the enzymatie digestion of earbohydrates to 
monosaeeharides. State the part of the digestive traet vvhere eaeh 
step in the proeess occurs. 

73 Deseribe the transport meehanisms by vvhieh monosaeeharides are 
absorbed. 

Lipids 

Lipids are molecules that are insoluble or only slightly soluble in 
water. They include triglyeerides, phospholipids, eholesterol, ste- 
roids, and fat-soluble vitamins. Triglyeerides (trì-glis'er-ldz) eon- 
sist of three fatty aeids and one glyeerol molecule eovalently 
bonded together. 

The first step in lipid digestion is emulsification (é-muTsi-fi- 
kà'shirn), which is the transformation of large lipid droplets into 
much smaller droplets. Emulsification is aeeomplished by bile salts 
in bile seereted by the liver. The bile salts aet like soap, breaking up 
lipids and making them more water-soluble. The enzymes that 
digest lipids, such as panereatie lipase, are water-soluble and ean 
digest the lipids only by aeting at the surface of the droplets. The 
emulsification proeess inereases the surface area of the lipid exposed 
to the digestive enzymes by deereasing the droplet size. 

Lipase (lip'às) digests lipid molecules. The primary products of 
lipase digestion are fatty aeids and monoglyeerides. A minor amount 
of lingual lipase is seereted in the oral eavity, is swallowed with food, 
and digests lipids in the stomaeh. The stomaeh also produces very 
small amounts of gastrie lipase. Less than 10% of lipid digestion 
takes plaee in the stomaeh. The vast majority of lipase is seereted by 
the panereas (see table 21.2). 



eystie Fibrosis 


■p 

Cystic fìbrosis is a hereditary disorder that affeets both the respi- 
ratory and digestive systems. It results from defeetive ehloride ehan- 
nels, which cause eells to produce thiek, viscous mucous seeretions. 
Bloekage of the panereatie ducts often occurs so that the panereatie 
digestive enzymes are prevented from reaehing the duodenum. 
Consequently, fat digestion, which depends on panereatie enzymes, 
is slowed or even stopped. Fats and fat-soluble vitamins are not 
absorbed, resulting in vitamin A, D, E, and K defìeieneies. These defi- 
eieneies ean cause night blindness, skin disorders, riekets, and exces- 
sive bleeding. Therapy eonsists of administering the vitamins and 
reducing dietary fat intake. 


Onee lipids are digested in the intestine, bile salts aggregate 
around the small droplets to form mieelles (mi-selz', ml-selz', a 
small morsel) (figure 21.27). The hydrophobie ends of the bile salts 
are direeted toward the free fatty aeids and monoglyeerides at the 
eenter of the mieelle; the hydrophilie ends are direeted outward 
toward the water environment. When a mieelle eomes into eontaet 
with the epithelial eells of the small intestine, the lipid eontents of 
the mieelle pass by means of simple diffhsion through the plasma 
membrane of the epithelial eells. The bile salts are not absorbed until 
they reaeh the epithelium of the distal ileum. 

Onee inside the intestinal epithelial eells, the fatty aeids and 
monoglyeerides are reeombined to form triglyeerides. These, and 
other lipids, are paekaged inside a protein eoat within the 
epithelial eells of the intestinal villi. The paekaged lipids, ealled 
ehylomierons (ki-lò-mi'kron, ehylo, juice + mieros, small), leave 


Lipid transport 

1. Bile salts surround fatty aeids and 
monoglyeerides to form a mieelle. 


2. The mieelle attaehes to the plasma 
membrane of the intestinal epithelial eell, 
and the fatty aeids and monoglyeerides 
pass by simple diffusion into the eell. 


3. VVithin the eell, the fatty aeids and 
monoglyeerides are eonverted to 
triglyeerides; proteins eoat the triglyeerides 
to form a ehylomieron, which moves out of 
the eell by exocytosis. 


4 . The ehylomieron enters the laeteal of the 
intestinal villus and is earried through the 
lymphatie system to the blood. 
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Proeess Figure 21.27 Transport of Lipids Aeross the intestinal Epithelium 
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the epithelial eells and enter the laeteals. Laeteals are lymphatie 
eapillaries loeated within the intestinal villi (see figure 21.15). 
Chylomicrons enter the laeteals rather than the blood eapillaries 
because the laeteals laek a basement membrane and are more per- 
meable to large partieles, such as ehylomierons, which are about 
0.3 mm in diameter. Lymph eontaining large amounts of absorbed 
lipid is ealled ehyle (kil, milky lymph). The lymphatie system ear- 
ries the ehyle to the blood (see ehapter 19). Chylomicrons are 
transported to the liver, where the lipids are stored, eonverted into 
other molecules, or used as energy. Lipids are also transported to 
adipose tissue, where they are stored until an energy source is 
needed elsewhere in the body. 


Chylomicron 



Phospholipid (4%) 

Triglyeeride (90%) 
Oholesterol (5%) 
Protein (1%) 


Very-low-density iipoprotein 
(VLDL) 



Phospholipid (18%) 
Triglyeeride (60%) 

Oholesterol (14%) 
Protein (8%) 


Low-density lipoprotein 
(LDL) 

Phospholipid (20%) 

Triglyeeride (10%) 
Oholesterol (45%) 
Protein (25%) 



High-density lipoprotein 
(HDL) 



Phospholipid (30%) 
Triglyeeride (5%) 

Oholesterol (20%) 
Protein (45%) 


Lipids are not soluble in water, so they are transported in the 
blood in eombination with proteins. Lipoproteins are any eom- 
pound or complex eontaining lipid and protein. Fatty aeids released 
from adipose tissue bind to the plasma protein albumin and are 
transported to other tissues as lipoproteins. More complex assem- 
blies of lipids and proteins eonsist of phospholipids and proteins 
surrounding lipids. The phospholipids and proteins have eharged 
groups faeing outward, which attraets water and makes the lipopro- 
tein soluble in water. The internally loeated lipids are separated 
from the water by the phospholipids and proteins. 

Complex lipoprotein assemblies are elassified aeeording to their 
densities. The greater the amount of protein relative to the amount 
of lipid, the denser is the lipoprotein. Chylomicrons, which are made 
up of 99% lipid and only 1% protein, have an extremely low density. 
The other major transport lipoproteins are very-low-density 
lipoproteins (VLDL), which are 92% lipid and 8% protein, low- 
density lipoproteins (LDL), which are 75% lipid and 25% protein, 
and high-density lipoproteins (HDL), which are 55% lipid and 
45% protein (figure 21.28). 

Most of the lipid taken into or manufactured in the liver leaves 
the liver in the form of VLDL. Most of the triglyeerides are 
removed from the VLDL to be stored in adipose tissue; as a result, 
VLDL beeomes LDL. Cells have surface LDL reeeptors, which 
bind to LDL proteins. The eells then take in the LDL by reeeptor- 
mediated endoeytosis. Thus, phospholipids and eholesterol are 
delivered to eells. 

Cells not only take in eholesterol and other lipids from LDL 
but also make their own eholesterol. When the eombined intake 
and manufacture of eholesterol exceeds a eell’s needs, a negative- 
feedbaek system reduces the amount of LDL reeeptors and 
eholesterol manufactured by the eell. Excess lipids in eells are also 
paekaged into HDL, which are manufactured by the liver. The 
HDL transport the eholesterol baek to the liver for reeyeling or 
excretion in bile. 


eholesterol and Cardiovascular Disease 

5131 

fr 

eholesterol levels in the blood are of great eoneern to many 
adults. eholesterol levels of less than 200 mg/dL are eonsidered 
desirable, whereas eholesterol levels of 200 mg/dL or higher are 
eonsidered to be too high. People with high blood eholesterol levels 
run a much greater riskfor heart disease and stroke than people with 
low eholesterol levels. People with high levels should seek adviee 
from their physieian, reduce their intake of foods rieh in eholesterol 
and other fats, and inerease their level of exercise. Some people with 
high eholesterol levels may have to take medieation to reduce their 
eholesterol levels. 

LDL is eonsidered to be"bad"because, when in excess, it depos- 
its eholesterol in arterial walls. On the other hand, HDL is eonsidered 
to be "good" because it transports eholesterol from the tissues via 
blood to the liver for removal from the body in the bile. A high HDL/ 
LDL ratio is related to a lower risk for heart disease. Aerobie exercise 
is one way to elevate blood levels of HDL. 


Figlire 21.28 Lipoproteins 
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74 What is errmlsifieation of lipids? How is it aeeomplished and how does 
it promote lipid digestion? 

75 Deseribe the role of mieelles, ehylomierons, VLDL, LDL, and HDL in the 
absorption and transport of lipids in the body. 

Proteins 

Proteins are long ehains of amino aeids found in most of the plant 
and animal products we eat. In the stomaeh, the enzyme pepsin 
breaks down proteins, producing shorter amino aeid ehains ealled 
polypeptides. Only about 10%—20% of the total ingested protein is 
digested by pepsin in the stomaeh. The remaining proteins and poly- 
peptide ehains leave the stomaeh and enter the small intestine. The 
panereatie enzymes trypsin, ehymotrypsin, and carboxypeptidase 
continue the digestive proeess and produce small peptide ehains. 
Peptidases, which are enzymes bound to the mierovilli of the small 
intestine, break down the small peptide ehains into tripeptides (three 
amino aeids), dipeptides (two amino aeids), and single amino aeids 
(see table 21.2). 

At least seven different transport systems are responsible for 
the movement of amino aeids into intestinal epithelial eells. The 
predominant transport system moves most neutral amino aeids by 
seeondary aetive transport. A Na + -K + pump establishes a eoneen- 
tration gradient for Na + from the outside to the inside of epithelial 
intestinal eells. A symporter then moves amino aeids along with 
Na + into the eell (figure 21.29, steps 1 and 2). Other transport 
systems move aeidie and basie amino aeids. 

The Na + eoneentration gradient is used by antiporters to estab- 
lish a H + eoneentration gradient. A symporter then moves tripep- 
tides and dipeptides along with H + into the eell (figure 21.29, 
steps 3 and 4). The total amount of eaeh amino aeid that enters 


the intestinal epithelial eells as tripeptides or dipeptides is eonsid- 
erably more than the amount that enters as single amino aeids. 
Onee inside the eells, tripeptidases and dipeptidases split the 
tripeptides and dipeptides into their eomponent amino aeids 
(figure 21.29, step 3). Individual amino aeids then leave the epi- 
thelial eells by faeilitated diffiasion or other methods and enter 
the hepatie portal system, which transports them to the liver 
(figure 21.29, steps 6 and 7). The amino aeids may be modified 
in the liver or released into the blood and distributed throughout 
the body. 

After birth, intestinal epithelial eells take up intaet proteins by 
endoeytosis, providing a meehanism for the transfer of antibodies 
from the mother's milk to the baby (see “Passive Natural Immunity,” 
ehapter 19). In the adult intestine, small amounts of proteins are 
absorbed by endoeytosis. Over Peyer patehes, these proteins are 
proeessed by immune eells and probably play a role in mucosal 
immunity. 

Amino aeids are aetively transported into the various eells of 
the body. This transport is stimulated by growth hormone and 
insulin. Most amino aeids are used as building bloeks to form new 
proteins (see ehapter 2), but some amino aeids may be used for 
energy. The body eannot store excess amino aeids. Instead, they are 
partially broken down and used to synthesize glyeogen or fat, 
which ean be stored. The body ean store only small amounts of 
glyeogen, so most of the excess amino aeids are eonverted to fat. 

76 Deseribe the enzymatie digestion of proteins to tripeptides, 
dipeptides, and amino aeids. State the part of the digestive traet 
where eaeh step in the proeess occurs. 

77 Deseribe the transport meehanisms by which tripeptides, dipeptides, 
and amino aeids are absorbed. 


1. A Na + -K + pump establishes a Na + 
eoneentration gradient from outside to 
inside the intestinal epithelial eell. 

2. An amino aeid is absorbed by symport 
along with Na + . 

3. An antiporter exchanges Na + for H + , 
establishing a eoneentration gradient 
for H + from outside to inside the eell. 

4. A tripeptide (or dipeptide) is absorbed 
by symport along with H + . 

5. A tripeptide (or dipeptide) is broken 
down to amino aeids. 

6. Amino aeids move out of the eell by 
faeilitated diffusion. 

7. Amino aeids enter the eapillary of an 
intestinal villus and are earried through 
the hepatie portal vein to the liver. 



Na + To liver 



Laeteal 



Proeess Figure 21.29 Amino Aeid Transport Aeross the intestinal Epithelium 
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e n ea 


Some Disorders of the Digestive Traet 


Relevanee 

Peptie Lfleer 

Approximately 5%—12% of the 
population is affeeted by peptie ulcers, 
vvhieh are lesions in the lining of the diges- 
tive traet. For many years it vvas thought 
that stress, diet, smoking, or aleohol 
caused excess aeid seeretion in the stom- 
aeh, resulting in ulcers. Although these 
faetors ean contribute to ulcers, it is novv 
elear that the root cause of most ulcers is 
an infeetion of a speeifk bacterium— 
Helieobaeter pylori.Jhe bacterium may also 
be involved in many eases of gastritis and 
gastrie eaneer. 

Most baeteria eannot survive in the 
stomaeh. Henee, H. pylori is one of the 
most pervasive of human pathogens 
because it inhabits a niehe without eom- 
petition. It is estimated that well over half 
of the world's population is infeeted with 
H. pylori. The infeetion rate in the llnited 
States is about 1% per year of age—for 
example, 30% of all 30-year-olds are 
infeeted. In developing countries, nearly 
all people over age 25 are infeeted. Only 
about 15%-20% of infeeted people show 
gastrie problems attributed to H. pylori. 
What triggers the baeterial infeetion to 
beeome symptomatie is a major unan- 
swered question. It seems likely that 
H. pylori infeetion and eonditions that ele- 
vate aeid seeretion or damage the digestive 
traet wall contribute to the development of 
an ulcer.The best therapy for ulcers involv- 
ing H. pylori is a eombination of antibioties 
and drugs that reduce the aeid eontent of 
the stomaeh. 


Peptie ulcers ean occur in the duode- 
num and stomaeh. Duodenal ulcers are in 
the duodenum, usually near the pylorie 
sphineter. Approximately 80% of all peptie 
ulcers are duodenal ulcers. The most eom- 
mon contributing faetor to developing 
duodenal ulcers is the overseeretion of 
gastrie juices relative to the degree of 
mucous and alkaline proteetion of the 
small intestine. People who experience 
severe anxiety over a long period are the 
most proneto developing duodenal ulcers. 
They often have a rate of gastrie seeretion 
between meals that is as much as 15 times 
the normal amount. Gastrie ulcers are in 
the stomaeh. In some patients with gastrie 
ulcers, normal or even low levels of gastrie 
aeid seeretion often occur.The stomaehs of 
these patients, however, have reduced 
resistanee to their own aeid. Such inhibited 
resistanee ean result from excessive inges- 
tion of aleohol or aspirin, which direetly 
damages the mucosa. Reflux of duodenal 
eontents into the stomaeh ean also cause 
gastrie ulcers. In this ease, bile, which is 
present in the reflux, has a detergent effeet 
that reduces gastrie mucosal resistanee to 
aeid, as well as to baeteria. 

Prostaglandins normally stimulate in- 
ereased mucus production and inhibit aeid 
production in the stomaeh. Some drugs used 
to treat arthritis inhibit prostaglandin syn- 
thesis, which reduces inflammation. A side 
effeet of taking prostaglandin inhibitors is 
irritation and ulcers of the mucosa caused by 
deereased mucus production and inereased 
aeid production. 


Inflammation of the Intestines 

Enteritis is inflammation of the intestine, 
and eolitis is inflammation of the eolon. 
Both ean result from an infeetion, ehemieal 
irritation, or an unknown cause. Inflamma- 
tory bowel disease (IBD) is the general 
name given to either Crohn disease (regional 
enteritis) or ulcerative eolitis. IBD occurs at a 
rate in Europe and North Ameriea of approx- 
imately 4 to 8 new eases per 100,000 people 
per year, which is much higher than in Asia 
and Afriea. Males and females are affeeted 
about equally. IBD is of unknown cause, but 
infectious, autoimmune, and hereditary fae- 
tors have been implieated. 

Crohn disease involves loealized inflam- 
matory degeneration, which ean occur any- 
where along the digestive traet but most 
eommonly involves the distal ileum and prox- 
imal eolon. The degeneration involves the 
entire thiekness of the digestive traet wall.The 
intestinal wall often beeomes thiekened, eon- 
strieting the lumen, with ulcerations and fis- 
sures in the damaged areas. The disease 
causes diarrhea, abdominal pain, fever, and 
weight loss. Treatment eenters around anti- 
inflammatory drugs, but other treatments, 
including the avoidanee of foods that inerease 
symptoms, and even surgery, are used. 

llleerative eolitis is limited to the 
mucosa of the large intestine and rectum. 
The involved mucosa exhibits inflammation, 
including edema, vascular eongestion, hem- 
orrhage, and the accumulation of plasma 
eells, lymphoeytes, neutrophils, and eosino- 
phils. Patients may experience abdominal 
pain, fever, malaise, fatigue, and weight loss, 


Water and lons 

Approximately 9 L of water enters the digestive traet eaeh day 
(figure 21.30). We ingest about 2 L in food and drink, and the 
remaining 7 L is from digestive seeretions. Approximately 92% of 
that water is absorbed in the small intestine, about 7% is absorbed 


in the large intestine, and about 1% leaves the body in the feees. 
Water ean move in either direetion by osmosis aeross the wall of 
the gastrointestinal traet. The direetion of its movement is deter- 
mined by osmotie gradients aeross the epithelium. When the 
ehyme is diluted, water moves out of the intestine into the blood; 
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as well as diarrhea and hemorrhage. In rare 
eases, severe diarrhea and hemorrhage 
require transfusions.Treatment includes the 
use of anti-inflammatory drugs and, in some 
eases, the avoidanee of foods that inerease 
symptoms. 

Irritable Bowel Syndrome 

Irritable bowel syndrome (IBS), also ealled 
spastie eolon, is a disorder of unknown 
cause in which intestinal mobility is abnor- 
mal. The disorder accounts for over half of 
all referrals to gastroenterologists. Male and 
female ehildren are affeeted equally, but 
women are affeeted twice as often as men. 

IBS patients experience abdominal 
pain mainly in the left-lower quadrant, 
espeeially after eating.They also have alter- 
nating bouts of eonstipation and diarrhea. 
There is no speeifìe histopathology in the 
digestive traets of IBS patients.There are no 
anatomieal abnormalities, no indieation of 
infeetion, and no sign of metabolie causes. 
Patients with IBS appear to exhibit greater- 
than-normal levels of psyehologieal stress 
or depression and show inereased eontrae- 
tions of the esophagus and small intestine 
during times of stress.There is a high famil- 
ial ineidenee. Some patients present with a 
history of traumatic events, such as physi- 
eal or sexual abuse. Treatments include 
psyehiatrie counseling and stress manage- 
ment, diets with inereased fìber and limited 
gas-producing foods, and loose elothing. In 
some patients, drugs that reduce parasym- 
pathetie stimulation of the digestive sys- 
tem are useful. 


Malabsorption Syndrome 

Malabsorption syndrome (sprue) is a spee- 
trum of disorders of the small intestine that 
results in abnormal nutrient absorption. One 
type of malabsorption, ealled eeliae disease, 
or gluten-sensitive enteropathy, results 
from an immune response to gluten, which is 
present in eertain types of grains and involves 
the destmetion of newly formed epithelial 
eells in the intestinal glands.These eells fail to 
migrate to the villi surface, the villi beeome 
blunted, and the surface area deereases. As a 
result, the intestinal epithelium is less eapa- 
ble of absorbing nutrients. Another type of 
malabsorption, tropieal malabsorption, is 
apparently caused by baeteria, although no 
speeifìe bacterium has been identified. 

Colon Cancer 

Colon eaneer is the seeond leading cause of 
eaneer-related deaths in the Llnited States; it 
accounts for 55,000 deaths a year. Suscepti- 
bility to eolon eaneer ean be familial; how- 
ever, a eorrelation exists between eolon 
eaneer and lifestyle faetors, including diets 
low in fìber and high in fat and red or pro- 
eessed meats. Sereening for eolon eaneer 
includes testing the stool for blood eontent 
and performing a eolonoseopy, which allows 
physieians to see into the eolon. 

Constipation 

Constipation is the slow movement of feees 
through the large intestine. The feees often 
beeome dry and hard because of inereased 
fluid absorption during the extended time 
they are retained in the large intestine. Consti- 


pation often results after a prolonged time 
of inhibiting normal defeeation reflexes. A 
ehange in habits (such as travel), dehydration, 
depression, disease, metabolie disturbances, 
eertain medieations, pregnaney, or depen- 
deney on laxatives ean cause eonstipation. 
Irritable bowel syndrome ean also cause eon- 
stipation. Constipation ean also occur with 
diabetes, kidney failure, eolon nerve damage, 
or spinal eord injuries or as a result of an 
obstructed bowel. Of greatest eoneern, the 
obstmetion could be caused by eolon eaneer. 

Diarrhea 

Diarrhea is an abnormally frequent dis- 
eharge of fìuid feees. inereased seeretion 
into the digestive traet ean cause diarrhea. 
infeetions and irritation of the digestive 
traet ean cause the intestinal mucosa to 
seerete large amounts of mucus and elee- 
trolytes into the eolon. Water follows by 
osmosis. Although such diseharge in- 
ereases fluid and eleetrolyte loss, it also 
moves the infeeted feees out of the intes- 
tine more rapidly and speeds reeovery 
from the disease. Diarrhea ean also occur 
when there is inadequate time to reabsorb 
the normal amount of water from the 
feees. inereased motility deerease the time 
feees spend in the eolon. For example, 
emotional stress ean inerease parasympa- 
thetie stinrmlation of the digestive traet 
and cause diarrhea. 


Mc 

Graw 





ANATOMY & PHYSIOLOGY 


when the ehyme is eoneentrated, water moves into the lumen of 
the small intestine. 

Epithelial eells aetively transport Na + , K + , Ca 2+ , and Mg 2+ 
from the intestine. Vitamin D is required for the transport of Ca 2+ . 
Negatively eharged Cl“ move passively through the wall of the duo- 


denum and jejunum with the positively eharged Na + , but C1 are 
aetively transported from the ileum. 

78 Deseribethe movement of water through the intestinal wall. 

79 How are ions absorbed? 
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System and 
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Respiratory 

System 


llrinary 

System 


Reproductive 

System 


Effeets of the Digestive System 
on Other Systems 


Provides nutrients and water 


Provides water and nutrients, including 
calcium and phosphorus 

The liver modifies vitamin D precursor 
produced in the skin 

Provides nutrients and water 

The liver eonverts laetie aeid from muscle 
to glucose 


Provides nutrients and water 


Provides nutrients and water 


Provides nutrients, including iron (for 
hemoglobin production), vitamin B12 
and folie aeid (for eell production), and 
vitamin K (for elotting proteins) 

Absorbs water and ions neeessary to 
maintain blood volume and pressure 

The liver produces elotting proteins 

Heme is eonverted to bilirubin and 
excreted in bile 

Provides nutrients and water 


Provides nutrients and water 


Provides nutrients and water 

The liver eonverts vitamin D precursor 
from the skin to a form of vitamin D 
that ean be eonverted by the kidneys to 
aetive vitamin D 

Provides nutrients and water 

Supports fetal development 


Effeets of Other Systems on the 
Digestíve System 

Produces a vitamin D precursor that is 
eonverted in the liver and kidneys to 
aetive vitamin D, which inereases the 
absorption of calcium and phosphorus 
in the small intestine 

Lower ribs and pelvis provide some 
proteetion 

Teeth and mandible are important for 
mastieation 

Proteets abdominal organs 

Is responsible for mastieation and 
swallowing 

Controls voluntary defeeation 

Regulates seeretion from digestive glands 
and organs 

Controls mixing and movement of 
digestive traet eontents 

Hypothalamus is responsible for hunger, 
thirst, and satiety sensations 

Regulates seeretion from digestive glands 
and organs 

Controls mixing and movement of 
digestive traet eontents 

Delivers oxygen, nutrients, hormones, 
and immune eells 

Removes earbon dioxide, waste products, 
and toxins 


Carries absorbed fats to the blood 

Immune eells provide proteetion against 
mieroorganisms and toxins and 
promote tissue repair by releasing 
ehemieal mediators 

Removes excess interstitial fluid 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH 

Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 


Developing fetus ean crowd digestive 
organs 
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Ingestion 


seeretions 


Salivary gland seeretions 




1% in 
feees 

(VVater in feees = ingested + seereted - absorbed) 


Gastrie 
seeretions 
(2 L) 


Panereatie 
seeretions 
(1.2 L) 


absorbed in the 
small intestine 


-7% 
absorbed in the 
large intestine 


Ingestion or 
seeretion 



Absorption 


Figure 21.30 Fluid volumes in the Digestive Traet 


21.14 Effeets of Aging on 

the Digestive System 

As a person ages, the eonneetive tissue layers of the digestive traet, 
the submucosa and serosa, tend to thin. The blood supply to the 
digestive traet deereases. There is also a deerease in the number of 
smooth muscle eells in the muscularis, resulting in deereased motility 
in the digestive traet. In addition, goblet eells within the mucosa 
seerete less mucus. Glands along the digestive traet, such as the gas- 
trie glands, the liver, and the panereas, also tend to seerete less with 
age. These ehanges by themselves do not appreeiably deerease the 
function of the digestive system. 

Through the years the digestive traet, like the skin and lungs, is 
direetly exposed to materials from the outside environment. Some 
of those substances ean cause meehanieal damage to the digestive 
traet and others may be toxic to the tissues. The digestive traet of 
elderly people beeomes less and less proteeted from these outside 
influences because the eonneetive tissue of the digestive traet 
beeomes thin with age and because the proteetive mucous eovering 
is reduced. In addition, the mucosa of elderly people tends to heal 
more slowly following injury. The livers ability to detoxify eertain 
ehemieals tends to deeline, the ability of the hepatie phagoeytie eells 
to remove particulate eontaminants deereases, and the liver’s ability 
to store glyeogen deereases. 

80 Deseribe the general effeets of aging on the digestive traet. 


Siimmary 


21.1 Functions of the Digestive System (p. 645) 

The digestive system takes in food, breaks down food, absorbs nutrients, 

and eliminates wastes. 

21.2 Histology of the Digestive Traet <p. 645 ) 

1. The digestive system eonsists of a digestive traet and its assoeiated 
aeeessory organs. 

2. The digestive traet eonsists of the oral eavity, pharynx, esophagus, 
stomaeh, small intestine, large intestine, and anus. 

3. Aeeessory organs, such as the salivary glands, liver, gallbladder, and 
panereas, are loeated along the digestive traet. 

Tunics 

1. The digestive traet is eomposed of four tunics: mucosa, submucosa, 
muscularis, and serosa or adventitia. 

2. The mucosa eonsists of a mucous epithelium, a lamina propria, and a 
muscularis mucosae. 


3. The submucosa is a eonneetive tissue layer eontaining the submucosal 
plexus (part of the enterie plexus), blood vessels, and small glands. 

4. The muscularis eonsists of an inner layer of circular smooth muscle and 
an outer layer of longitudinal smooth muscle. The myenterie plexus is 
between the two muscle layers. 

3. The serosa or adventitia forms the outermost layer of the digestive traet. 

Enterie Nervous System 

1. The enterie nervous system (ENS) eonsists of nerve plexuses within the 
wall of the digestive traet. 

2. Nervous regulation involves loeal reflexes in the ENS and CNS reflexes. 

21.3 Peritoneum (p. 647) 

1. The peritoneum is a serous membrane that lines the abdominopelvie 
eavity and organs. 

2. Mesenteries are peritoneum that extends from the body wall to many of 
the abdominopelvie organs. 

3. Retroperitoneal organs are loeated behind the peritoneum. 
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21.4 Oral eavity <p. 647) 

The oral eavity includes the vestibule and oral eavity proper. 

Lips and eheeks 

The lips and eheeks are involved in faeial expression, mastieation, and speeeh. 

Palate and Palatine Tonsils 

1. The roof of the oral eavity is divided into the hard and soft palates. 

2. The palatine tonsils are loeated in the lateral wall of the fauces. 

Tongue 

The tongue is involved in speeeh, taste, mastieation, and swallowing. 

Teeth 

1. Twenty deciduous teeth are replaeed by 32 permanent teeth. 

2. The types of teeth are ineisors, eanines, premolars, and molars. 

3. A tooth eonsists of a crown, a neek, and a root. 

4. The root is eomposed of dentin. Within the dentin of the root is the 
pulp eavity, which is filled with pulp, blood vessels, and nerves. The 
crown is dentin eovered by enamel. 

3. Periodontal ligaments hold the teeth in the alveoli. 

Mastieation 

Mastieation breaks large food partieles into small ones. 

Salivary Glands 

1. Salivary glands produce serous and mucous seeretions. 

2. The three pairs of large salivary glands are the parotid, submandibular, 
and sublingual. 

21.5 Pharynx (p. ósd 

The pharynx eonsists of the nasopharynx, oropharynx, and laryngopharynx. 

21.6 Esophagus <p. 652) 

1. The esophagus eonneets the pharynx to the stomaeh. The upper and 
lower esophageal sphineters regulate movement. 

2. Mucous glands produce a lubricating mucus. 

21.7 Swallowing <p. 653 ) 

1. During the voluntary phase of swallowing, a bolus of food is moved by 
the tongue from the oral eavity to the pharynx. 

2. The pharyngeal phase is a reflex caused by the stimulation of streteh 
reeeptors in the pharynx. 

■ The soft palate eloses the nasopharynx, and the epiglottis, vestibular 
folds, and voeal folds elose the opening into the larynx. 

■ Pharyngeal muscles move the bolus to the esophagus. 

3. The esophageal phase is a reflex initiated by the stimulation of streteh 
reeeptors in the esophagus. A wave of eontraetion (peristalsis) moves 
the food to the stomaeh. 

21.8 stomaeh (p. 653) 

Anatomy and Histology of the Stomaeh 

1. The openings of the stomaeh are the gastroesophageal opening (to the 
esophagus) and the pylorie orifiee (to the duodenum). 

2. The wall of the stomaeh eonsists of an external serosa, a muscle layer 
(longimdinal, circular, and oblique), a submucosa, and simple 
columnar epithelium (surface mucous eells). 

3. Rugae are the folds in the stomaeh when it is empty. 

4. Gastrie pits are the openings to the gastrie glands, which eontain 
mucous neek eells, parietal eells, ehief eells, and endoerine eells. 


Seeretions of the Stomaeh 

1. Gastrie juice is stomaeh seeretions. Chyme is ingested food mixed with 
gastrie juice. 

■ Mucus proteets the stomaeh lining. 

■ Pepsinogen is eonverted to pepsin, which digests proteins. 

■ Hydroehlorie aeid promotes pepsin aetivity and kills 
mieroorganisms. 

■ intrinsie faetor is neeessary for vitamin B 12 absorption. 

■ Gastrin and histamine regulate stomaeh seeretions. 

2. A proton pump (H + -K + exchange pump) moves H + out of parietal 
eells. 

3. There are three phases of stomaeh seeretion. 

■ The sight, smell, taste, or thought of food initiates the eephalie 
phase. Nerve impulses from the medulla stimulate hydroehlorie 
aeid, pepsinogen, gastrin, and histamine seeretion. 

■ Distention of the stomaeh, which stimulates gastrin seeretion and 
aetivates CNS and loeal reflexes that promote seeretion, initiates the 
gastrie phase. 

■ Aeidie ehyme, which enters the duodenum and stimulates 
neuronal reflexes and the seeretion of hormones (seeretin, 
eholeeystokinin) that inhibit gastrie seeretions, initiates the 
intestinal phase. 

Movements of the Stomaeh 

1. Mixing waves mix the stomaeh eontents with stomaeh seeretions to 
form ehyme. 

2. Peristaltie waves move the ehyme into the duodenum. 

21.9 Small intestine (p. 66D 

The small intestine is divided into the duodenum, jejunum, and ileum. 

Anatomy and Histology of the Small intestine 

1. Circular folds, villi, and mierovilli greatly inerease the surface area of 
the intestinal lining. 

2. Absorptive, goblet, granular, and endoerine eells are in intestinal 
glands. Duodenal glands produce mucus. 

Seeretions of the Small intestine 

1. Mucus proteets against digestive enzymes and gastrie aeids. 

2. Digestive enzymes (disaeeharidases and peptidases) are bound to the 
intestinal wall. 

3. Chemical or taetile irritation, vagal stimulation, and seeretin stimulate 
intestinal seeretion. 

Movement of the Small intestine 

1. Segmental eontraetions mix intestinal eontents. Peristaltie eontraetions 
move materials distally. 

2. Distension of the intestinal wall, loeal reflexes, and the 
parasympathetie nervous system stimulate eontraetions. Distension 
of the cecum initiates a reflex that stimulates eontraetion of the 
ileoeeeal sphineter. 

21.10 Lìver and Gallbladder <p. 664) 

Anatomy and Histology of the Liver 

1. The liver has four external lobes: right, left, caudate, and quadrate. 
Internally, the liver is divided into eight segments. 

2. Liver segments are divided into lobules. 

■ The hepatie eords are eomposed of columns of hepatoeytes 
separated by the bile canaliculi. 

■ The sinusoids are enlarged spaees filled with blood and lined with 
endothelium and hepatie phagoeytie eells. 
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Functions of the Liver 

1. The liver produces bile, which eontains bile salts that emulsify fats. 

2. The liver stores and proeesses nutrients, produces new molecules, and 
detoxifies molecules. 

3. Hepatie phagoeytie eells phagoeytize red blood eells, baeteria, and other 
debris. 

4. The liver produces blood eomponents. 

Blood FlowThrough the Liver 

1. Branehes of the hepatie artery and the hepatie portal vein in the portal 
triads empty into hepatie sinusoids. 

2. Hepatie sinusoids empty into eentral veins, which join to form the 
hepatie veins, which leave the liver. 

Bile Transport 

1. Bile canaliculi eolleet bile from hepatoeytes and join the small hepatie 
ducts in the portal triads. 

2. Small hepatie ducts eonverge to form the right and left hepatie ducts, 
which exit the liver. 

3. The left and right hepatie ducts join to form the eommon hepatie 
duct. 

4. The eystie duct from the gallbladder joins the eommon hepatie duct to 
form the eommon bile duct. 

3. The eommon bile duct and panereatie duct join the hepatopanereatie 
ampulla, which opens into the duodenum at the major duodenal 
papilla. 

Gallbladder and Bile Storage 

1. The gallbladder is a small sae on the inferior surface of the liver. 

2. The gallbladder stores and eoneentrates bile. 

Regulation of Bile Seeretion and Release 

1. Seeretin inereases bile seeretion (water and biearbonate ions). 

2. Cholecystokinin stimulates gallbladder eontraetion and 
relaxation of the sphineters of the bile duct and hepatopanereatie 
ampulla. 

21.11 Panereas (p. 670) 

Anatomy and Histology of the Panereas 

1. The panereas is an endoerine and an exocrine gland. Its exocrine 
fimetion is the production of digestive enzymes. 

2. The panereas is divided into lobules that eontain aeini. The aeini 
eonneet to a duct system that eventually forms the panereatie duct. 

3. The panereatie duct joins the hepatopanereatie ampulla. The aeeessory 
panereatie duct empties into the duodenum at the minor duodenal 
papilla. 

Panereatie Seeretìons 

1. The aqueous eomponent of panereatie juice is produced by the small 
panereatie ducts and eontains biearbonate ions. 

2. The enzymatie eomponent of panereatie juice is produced by the 
aeini and eontains enzymes that digest earbohydrates, lipids, and 
proteins. 

Regulation of Panereatie Seeretion 

1. Seeretin stimulates the release of the aqueous eomponent, which 
neutralizes aeidie ehyme. 

2. Cholecystokinin stimulates the seeretion of the enzymatie eomponent 
and relaxation of the sphineters of the panereatie duct and 
hepatopanereatie ampulla. 

3. Parasympathetie stimulation inereases, and sympathetie stimulation 
deereases, seeretion of the enzymatie eomponent. 


21.12 Large intestine (p. 672) 

Anatomy and Histology of the Large intestine 

1. The cecum forms a blind sae at the junction of the small and large 
intestines. The vermiform appendix is a blind tube off the cecum. 

2. The aseending eolon extends from the cecum superiorly to the right eolie 
flexure. The transverse eolon extends from the right to the left eolie 
flexure. The deseending eolon extends inferiorly to join the sigmoid eolon. 

3. The sigmoid eolon is an S-shaped tube that ends at the rectum. 

4. Longitudinal smooth muscles of the large intestine wall are arranged 
into bands, ealled teniae eoli. Haustra are pouches. 

3. The mucosal lining of the large intestine is simple columnar epithelium 
with mucus-producing erypts. 

6. The rectum is a straight tube that ends at the anus. 

7. An internal anal sphineter (smooth muscle) and an external anal 
sphineter (skeletal muscle) are in the wall of the anal eanal. 

Seeretions of the Large intestine 

1. Mucus proteets the intestinal lining. 

2. Mieroorganisms are responsible for vitamin K production, gas 
production, and much of the bulk of feees. 

Movement in the Large intestine 

1. Haustra formation mixes the eolon’s eontents and moves them slowly 
toward the anus. 

2. Mass movements are strong peristaltie eontraetions that occur three or 
four times a day. 

3. Defeeation is the elimination of feees. Reflex aetivity moves feees 
through the internal anal sphineter. Voluntary aetivity regulates 
movement through the external anal sphineter. 

21.13 Digestion, Absorption, and 

Transport (p. 675) 

1. Digestion (meehanieal and ehemieal) is the breakdown of organie 
molecules into their eomponent parts. 

2. Absorption is the uptake of digestive traet eontents and transport is the 
distribution of nutrients throughout the body. 

earbohydrates 

1. Carbohydrates include starehes, glyeogen, sucrose, laetose, glucose, and 
fructose. 

2. Polysaeeharides are broken down into monosaeeharides by a number of 
different enzymes. 

3. Monosaeeharides are taken up by intestinal epithelial eells by symport 
that is powered by a Na + gradient or by faeilitated diffiision. 

4. The monosaeeharides are earried to the liver, where the nonglucose 
sugars are eonverted to glucose. 

5. Glucose is transported to the eells that require energy. 

6. Glucose enters the eells through faeilitated diffiision. 

7. Insulin influences the rate of glucose transport. 

Lipids 

1. Lipids include triglyeerides, phospholipids, steroids, and fat-soluble 
vitamins. 

2. Emulsification is the transformation of large lipid droplets into smaller 
droplets and is aeeomplished by bile salts. 

3. Lipase digests lipid molecules to form fatty aeids and monoglyeeride. 

4. Mieelles form around lipid digestion products and move to epithelial 
eells of the small intestine, where the products pass into the eells by 
simple diffiision. 

5. Within the epithelial eells, free fatty aeids are eombined with 
monoglyeeride to form triglyeeride. 
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6. Proteins eoat triglyeerides, phospholipids, and eholesterol to form 
ehylomierons. 

7. Chylomicrons enter laeteals within intestinal villi and are earried 
through the lymphatie system to the bloodstream. 

8. Triglyeeride is stored in adipose tissue, eonverted into other molecules, 
or used as energy. 

9. Lipoproteins include ehylomierons, VLDL, LDL, and HDL. 

10. LDL transports eholesterol to eells, and HDL transports it from eells to 
the liver. 

11. LDL is taken into eells by reeeptor-mediated endoeytosis, which is 
eontrolled by a negative-feedbaek meehanism. 

Proteins 

1. Pepsin in the stomaeh breaks proteins into smaller polypeptide ehains. 

2. Proteolytie enzymes from the panereas produce small peptide ehains. 

3. Peptidases, bound to the mierovilli of the small intestine, break down 
peptides. 

4. Amino aeids are absorbed by symport that is powered by a Na + 
gradient, whereas tripeptides and dipeptides are absorbed by symport 
that is powered by a H + gradient. 


3. Amino aeids are transported to the liver, where the amino aeids ean be 
modified or released into the bloodstream. 

6. Amino aeids are aetively transported into eells under the stimulation of 
growth hormone and insulin. 

7. Amino aeids are used as building bloeks or for energy. 

Water and lons 

1. Water ean move in either direetion aeross the wall of the small 
intestine, depending on the osmotie gradients aeross the epithelium. 

2. Epithelial eells aetively transport Na + , K + , Ca 2+ , and Mg 2+ from the 
intestine. 

3. Chloride ions move passively through the wall of the duodenum and 
jejunum but are aetively transported from the ileum. 

21.14 Effeets of Aging on the Digestive 

System <p. 683 ) 

The mucous layer, the eonneetive tissue, the muscles, and the seeretions all 
tend to deerease as a person ages. These ehanges make an older person more 
open to infeetions and toxic agents. 


Review and eomprehension 


2 1.1 Functions of the Digestive System <p. 645 ) 

1. The digestive system 

a. takes in food and liquids. 

b. breaks food down meehanieally and ehemieally. 

e. absorbs small molecules. 

d. eliminates waste. 

e. all of the above. 

21.2 Histology of the Dogestive Traet (p. 645 ) 

2. Which layer of the digestive traet is in direet eontaet with the food that 
is consumed? 

a. mucosa e. serosa 

b. muscularis d. submucosa 

3. The enterie nervous system is found in the 

a. submucosa. e. serosa. e. all of the above. 

b. muscularis. d. both a and b. 

21.3 Peritoneum (p. 647 ) 

4. Mesenteries 

a. eonsist of two layers of serous membranes with the peritoneal eavity 
between them. 

b. eover the organs of the abdominopelvie eavity. 
e. eover the interior surface of the body wall. 

d. help hold organs in plaee and provide a route by which blood 
vessels and nerves eonneet to organs. 

e. eover retroperitoneal organs. 

21.4 Oral eavity (p. 647) 

3. The tongue 

a. holds food in plaee during mastieation. 

b. plays a major role in swallowing. 
e. helps form words during speeeh. 

d. is a major sense organ for taste. 

e. all of the above. 


6. Dentin 

a. forms the surface of the crown of the teeth. 

b. holds the teeth to the periodontal ligaments. 
e. is found in the pulp eavity. 

d. makes up most of the structure of the teeth. 

e. is harder than enamel. 

7. The number of premolar deciduous teeth is 

a. 0. e. 4. e. 12. 

b. 2. d. 8. 

8. Which of the following statements about saliva is true? 

a. Minerals in saliva seereted by the parotid salivary glands tend to 
accumulate on the seeond upper molar. 

b. Saliva from the sublingual salivary glands sometimes squirts out of 
the opened mouth. 

e. Salivary amylase starts the proeess of protein digestion in the oral eavity. 

d. Sympathetie stimulation of salivary glands is the most important 
regulator of salivary gland aetivity. 

21.5 Pharynx (p. ósd 

9. The oropharynx 

a. eonneets to the nasopharynx. 

b. eonneets to the laryngopharynx. 

e. eonneets to the larynx. 

d. eonneets to the mouth. 

e. all of the above. 

21.6 ESOphaglJS (p. 652) 

10. The esophagus 

a. eonneets to the laryngopharynx. 

b. passes through the diaphragm. 
e. lies posterior to the traehea. 

d. has sphineters that regulate the movement of materials into and out 
of it. 

e. all of the above. 
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21.7 Swallow ng (p. 653 ) 

11. During swallowing (deglutition), 

a. the movement of food results primarily from gravity. 

b. the swallowing eenter in the medulla oblongata is aetivated. 

e. food is pushed into the oropharynx during the pharyngeal phase. 

d. the soft palate eloses oíf the opening into the larynx. 

21.8 stomaeh <p.653) 

12. The stomaeh 

a. has large folds in the submucosa and mucosa ealled rugae. 

b. has two layers of smooth muscle in the muscularis layer. 

e. opening from the esophagus is the pylorie orifiee. 

d. has an area elosest to the duodenum ealled the fundus. 

e. all of the above. 

13. Which of these stomaeh eell types is not eorreetly matehed with its 
fimetion? 

a. surface mucous eells—produce mucus 

b. parietal eells—produce hydroehlorie aeid 
e. ehief eells—produce intrinsie faetor 

d. endoerine eells—produce regulatory hormones 

14. HC1 

a. is an enzyme. 

b. ereates the aeid eondition neeessary for pepsin to work. 

e. is seereted by the small intestine. 

d. aetivates salivary amylase. 

e. all of the above. 

13. Why doesn’t the stomaeh digest itself? 

a. The stomaeh wall is not eomposed of protein, so it is not affeeted 
by proteolytie enzymes. 

b. The digestive enzymes of the stomaeh are not strong enough to 
digest the stomaeh wall. 

e. The lining of the stomaeh wall has a proteetive layer of epithelial 
eells. 

d. The stomaeh wall is proteeted by large amounts of mucus. 

16. Which of these hormones stimulates stomaeh seeretions? 

a. eholeeystokinin e. gastrin 

b. insulin d. seeretin 

17. Which of these phases of stomaeh seeretion is eorreetly matehed? 

a. eephalie phase—the largest volume of seeretion is produced 

b. gastrie phase—gastrin seeretion is inhibited by distension of the 
stomaeh 

e. gastrie phase—initiated by chewing, swallowing, or thinking 
of food 

d. intestinal phase—stomaeh seeretions are inhibited 

21.9 Small intest ne <p. óód 

18. Which of these structures inerease the mucosal surface of the small 
intestine? 

a. circular folds d. length of the small intestine 

b. villi e. all of the above 

e. mierovilli 

19. Given these parts of the small intestine: 

1. duodenum 2. ileum 3. jejunum 

Choose the arrangement that lists the parts in the order food 
encounters them as it passes from the stomaeh through the small 
intestine. 

a. 1,2,3 

b. 1,3,2 


20. Which eells in the small intestine have digestive enzymes attaehed to 
their surfaces? 

a. mucous eells e. endoerine eells 

b. goblet eells d. absorptive eells 

21.10 Liver and Gallbladder <p. óód 

21. The hepatie sinusoids 

a. reeeive blood from the hepatie artery. 

b. reeeive blood from the hepatie portal vein. 
e. empty into the eentral veins. 

d. all of the above. 

22. Given these ducts: 

1. eommon bile duct 

2. eommon hepatie duct 

3. eystie duct 

4. hepatie ducts 

Choose the arrangement that lists the ducts in the order bile passes 
through them when moving from the bile canaliculi of the liver to the 
small intestine. 

a. 3,4,2 e. 3,4,1 e. 4,2,1 

b. 3,2,1 d. 4,1,2 

23. Which of these might occur if a person suffers from a severe ease of 
hepatitis that impairs liver fimetion? 

a. Fat digestion is difficult. 

b. By-products of hemoglobin accumulate in the blood. 

e. Plasma proteins deerease in eoneentration. 

d. Toxins in the blood inerease. 

e. All of the above occur. 

24. The gallbladder 

a. stores bile. 

b. produces bile. 

e. eontraets and releases bile in response to seeretin. 

d. eontraets and releases bile in response to sympathetie stimulation. 

e. both b and e. 

21.11 Panereas (p. 670) 

23. The panereas 

a. is loeated anterior to the stomaeh. 

b. empties through the panereatie duct direetly into the small intestine. 
e. eonsists of a head, body, and tail. 

d. is not a retroperitoneal organ. 

e. all of the above. 

26. The aqueous eomponent of panereatie seeretions 

a. is seereted by the panereatie islets. 

b. eontains HC 03 _ . 

e. is released primarily in response to eholeeystokinin. 

d. passes direetly into the blood. 

e. all of the above. 

21.12 Large intestine (p. 672) 

27. Given these structures: 

1. aseending eolon 3. sigmoid eolon 

2. deseending eolon 4. transverse eolon 

Choose the arrangement that lists the structures in the order that food 
encounters them as it passes between the small intestine and the 
rectum. 

a. 1,2,3,4 

b. 1,4,2,3 


e. 2,1,3 
d. 2,3,1 


e. 3,1,2 


e. 2,3,1,4 
d. 2,4,1,3 


e. 3,4,1,2 











688 


ehapter 21 


28. Which of these is not a fiinetion of the large intestine? 

a. absorption of fats 

b. absorption of water and salts 
e. ehyme eonverted to feees 

d. production of mucus 

e. all of the above 

29. Defeeation 

a. ean be initiated by streteh of the rectum. 

b. ean occur as a result of mass movements. 
e. involves loeal reflexes. 

d. involves parasympathetie reflexes mediated by the spinal eord. 

e. all of the above. 

21.13 Digestion, Absorption, and 

Transport (p. 675) 

30. Which of these structures produces enzymes that digest earbohydrates? 

a. salivary glands d. both a and b 

b. panereas e. all of the above 

e. lining of the small intestine 

31. Bile 

a. is an important enzyme for the digestion of fats. 

b. is made by the gallbladder. 

e. eontains breakdown products from hemoglobin. 

d. emulsifies fats. 

e. both e and d. 


32. Mieelles are 

a. lipids surrounded by bile salts. d. stored in the gallbladder. 

b. produced by the panereas. e. reabsorbed in the eolon. 

e. released into laeteals. 

33. If the thoraeie duct were tied off, which of these elasses of nutrients 
would not enter the circulatory system at their normal rate? 

a. amino aeids d. fmetose 

b. glucose e. nucleotides 

e. lipids 

34. Which of these lipoprotein molecules transports excess lipids from eells 
baek to the liver? 

a. high-density lipoprotein (HDL) 

b. low-density lipoprotein (LDL) 

e. very-low-density lipoprotein (VLDL) 

21.14 Effeets of Aging on the Digestive 

System <p.683) 

33. With age, 

a. the eonneetive tissue layers (submucosa and serosa) tend to thin. 

b. less proteetive mucus is seereted. 

e. there is a deerease in smooth muscle, resulting in deereased motility. 

d. the liver and panereas seerete less. 

e. all of the above. 

Answers in Appendix E 


eritieal Thinking 


1. While anesthetized, patients sometimes vomit. Given that the 
anesthetie eliminates the swallowing reflex, explain why it is dangerous 
for an anesthetized patient to vomit. 

2. Vietor experienced the pain of a duodenal ulcer during final 
examination week. Deseribe the possible reasons. Explain what habits 
could have caused the ulcer, and reeommend a reasonable remedy. 

3. Aehlorhydria is a eondition in which the stomaeh stops producing 
hydroehlorie aeid and other seeretions. What effeet would 
aehlorhydria have on the digestive proeess? On red blood eell count? 

4. Gallstones sometimes obstmet the eommon bile duct. What are the 
consequences of such a bloekage? 

3. The bowel (eolon) oeeasionally ean beeome impaeted. Given what you 
know about the functions of the eolon and the faetors that determine 


the movement of substances aeross the eolon wall, prediet the effeet of 
the impaetion on the eontents of the eolon above the point of 
impaetion. 

6. The bacterium Vibrio eholerae produces eholera toxin, which aetivates a 
ehloride ehannel in the intestinal epithelium. In eontrast, mutations 
that inaetivate the same ehannel cause eystie fibrosis. Explain how 
inereased ehloride ehannel aetivity causes severe diarrhea, whereas 
deereased aetivity causes eystie fibrosis. 

7. Discuss why the most effeetive oral rehydration therapy is water with 
sodium and glucose instead of water alone or water with fmetose. 

Answers in Appendix F 
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eolorized seanning eleetron mierograph showing a mitoehondrion 
ipink) in the eytoplasm of an intestinal epithelial eell.The mito- 
ehondrion has an outer and inner membrane. The inner membrane 
has numerous folds, which projeet into the interior of the mito- 
ehondrion. Enzymes, neeessary for producing ATP, are loeated in 
these folds. 
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1. Define the term nutrition. 

2. Define the term kiloealorie, and state the kiloealories supplied by a 
gram eaeh of earbohydrate, lipid, and protein. 

3. Deseribe for earbohydrates, lipids, and proteins their dietary sources, 
their uses in the body, and the daily reeommended amounts of 
eaeh in the diet. 

4. List the vitamins, and indieate the function of eaeh. 

5. List the most eommon minerals, and indieate the major function 
of eaeh. 


22.2 Metabolism 699 

6. Define eatabolism, anabolism, and oxidation-reduction reaetion. 


22.3 earbohydrate Metabolism 700 

7. Deseribe the basie steps in glyeolysis, and indieate its 
major products. 

8. Deseribe the eitrie aeid eyele and its major products. 

9. Deseribe the eleetron-transport ehain and how it produces ATP. 

10. Explain how different amounts of ATP are produced by anaerobie 

glyeolysis and aerobie respiration. 


22.4 Lipid Metabolism 707 

11. Discuss the synthesis and breakdown of lipids 


22.5 Protein Metabolism 708 

12. Discuss the synthesis and breakdown of amino aeids 


22.6 intereonversion of Nutrient Molecules 708 

13. Deseribe the eonversion of glucose to glyeogen and the eonversion 
of glucose and amino aeids to lipids. 

14. Deseribe the eonversion of glyeogen, lipids, and amino aeids to 
glucose. 


22.7 Metabolie States 711 

15. Compare the absorptive and postabsorptive metabolie states 


22.8 Metabolie Rate 712 

16. Define the term metabolie rate and deseribe the uses of metabolie 
energy. 

22.9 Body Temperature Regulation 713 

17. Deseribe heat production and regulation in the body. 
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lntroduction 

W e are often more eoneerned with the taste of food 

than with its nutritional value when ehoosing from 
a menu or when seleeting food to prepare. Know- 
ing about nutrition is important, however, because the food we 
eat provides us with the energy and the building bloeks neees- 
sary to synthesize new molecules. What happens if we do not 
obtain enough vitamins, or if we eat too much sugar and fats? 
Health elaims about foods and food supplements bombard us 
every day. Which ones are ridiculous, and which ones have 
merit? A basie understanding of nutrition ean answer these and 
other questions so that we ean develop a healthy diet. It also 
allows us to know which questions currently do not have good 
answers. 


22.1 Nutrition 

Nutrition (noo-trish'un, to nourish) is the proeess by which the 
body obtains and uses eertain eomponents of food. The proeess 
includes digestion, absorption, transportation, and eell metabolism. 
Nutrition is also the evaluation of food and drink requirements for 
normal body function. 

Nutrients 

Nutrients are the ehemieals taken into the body that are used to 
produce energy, to provide building bloeks for new molecules, and 
to function in other ehemieal reaetions. Some important sub- 
stanees in food, such as nondigestible plant fibers, are not nutri- 
ents. Nutrients are divided into six major elasses: earbohydrates, 
proteins, lipids, vitamins, minerals, and water. Carbohydrates, lip- 
ids, and proteins are the major organie nutrients, and they are 
broken down by enzymes into their individual eomponents during 
digestion. Many of these subunits are broken down further to sup- 
ply energy, whereas others are used as building bloeks for making 
new earbohydrates, lipids, and proteins. Carbohydrates, lipids, 
proteins, and water are required in fairly substantial quantities, 
whereas vitamins and minerals are required in only small amounts. 
Vitamins, minerals, and water are taken into the body without 
being digested. 

Essential nutrients are nutrients that must be ingested because 
the body eannot manufacture them or adequate amounts of them. 
The essential nutrients include eertain amino aeids, eertain fatty 
aeids, most vitamins, minerals, water, and a minimum amount of 
earbohydrates. The term essential does not mean, however, that the 
body requires only the essential nutrients. Other nutrients are neees- 
sary but, if they are not part of the diet, they ean be synthesized 
from the essential nutrients. Most of this synthesis takes plaee in the 
liver, which has a remarkable ability to transform and manufacture 
molecules. 


1 Define nutrient and essentialnutrient, and list the six major elasses of 
nutrients. 


Kiloealories 

The body uses the energy stored within the ehemieal bonds of eer- 
tain nutrients. A ealorie (kal'ó-rè, eal) is the amount of energy 
(heat) neeessary to raise the temperature of 1 g of water 1°C. A 
kiloealorie (kiró-kal-ó-rè, keal) is 1000 ealories and is used to 
express the larger amounts of energy supplied by foods and released 
through metabolism. 

A kiloealorie is often ealled a Calorie (with a eapital C). 
Unfortunately, this usage has resulted in confusion between the 
terms ealorie (with a lowercase e) and Calorie (with a eapital C). It is 
eommon praetiee on food labels and in nutrition books to use ealorie 
when Calorie ( kiloealorie ) is the proper term. 

Most of the kiloealories supplied by food eome from earbohy- 
drates, proteins, or fats. For eaeh gram of earbohydrate or protein 
that the body metabolizes, about 4 keal of energy are released. Fats 
eontain more energy per unit of weight than earbohydrates and 
proteins and yield about 9 keal/g. A pound of body fat provides 
about 3500 keal. Table 22.1 lists the kiloealories supplied by 
some typieal foods. A typieal diet in the United States eonsists of 
50%—60% earbohydrates, 35%—45% fats, and 10%—15% protein. 
Table 22.1 also lists the earbohydrate, fat, and protein eomposi- 
tion of some foods. 


2 Define kiloealorie, and state the number of kiloealories supplied by a 
gram of earbohydrate, lipid, and protein. 


MyPyramid 

Every 5 years, the U.S. Department of Health and Human 
Serviees (HHS) and the Department of Agriculture (USDA) 
jointly make their reeommendations on what Amerieans should 
eat to be healthy. The latest reeommendations, “The Dietary Guidelines 
for Amerieans 2005,” were published in January 2005. Unlike the 

previous, single food guide pyramid, there are now 12 pyramids, 
which take into account a person’s age, sex, and aetivity level. 
Thus, you ean piek the pyramid, ealled MyPyramid, that best 
deseribes you (www.mypyramid.gov). All of the new pyramids 
have the same form (figure 22.1). Six eolored bands represent the 
approximate, reeommended proportions of grains (orange), vege- 
tables (green), frnits (red), fats and oils (yellow), milk and milk 
products (blue), and meat and beans (purple). A balaneed diet 
includes a variety of foods from eaeh of the major food groups. 
Variety is neeessary because no one food eontains all of the nutri- 
ents neeessary for health. Moderation is indieated by the narrow- 
ing of eaeh food group from bottom to top. The wider base 
represents foods with little or no solid fats, added sugars, or ealorie 
sweeteners. The elimbing stiek figure stresses the importanee of 
daily exercise. 
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Table 22.1 


Food Consumption 


Food 

Quantity 

Food Energy 
(keal) 

Carbohydrate 

(g) 

Fat 

(g) 

Protein 

(g) 

Dairy Products 






Whole milk (3.3% fat) 

1 cup 

150 

11 

8 

8 

Low-fat milk (2% fat) 

1 cup 

120 

12 

5 

8 

Butter 

1 tablespoon 

100 


12 


Grain 






Bread, white enriehed 

1 sliee 

75 

24 

1 

2 

Bread, whole-wheat 

1 sliee 

65 

14 

1 

3 

Fruit 






Apple 

1 

80 

20 

1 


Banana 

1 

100 

26 


1 

Orange 

1 

65 

16 


1 

Vegetables 






Corn, eanned 

1 cup 

140 

33 

1 

4 

Peas, eanned 

1 cup 

150 

29 

1 

8 

Lettuce 

1 cup 

5 

2 



Celery 

1 cup 

20 

5 


1 

Potato, baked 

1 large 

145 

33 


4 

Meat, Fish, and Poultry 






Lean ground beef (10% fat) 

3 ounces 

185 


10 

23 

Shrimp, freneh fried 

3 ounces 

190 

9 

9 

17 

Tuna, eanned 

3 ounces 

170 


7 

24 

Chicken breast, fried 

3 ounces 

160 

1 

5 

26 

Baeon 

2 sliees 

85 


8 

4 

Hot dog 

1 

170 

1 

15 

7 

Fast Foods 






MeDonald Egg McMuffin 

1 

327 

31 

15 

19 

MeDonald Big Mae 

1 

563 

41 

33 

26 

Taeo Bell beef burrito 

1 

466 

37 

21 

30 

Arby roast beef 

1 

350 

32 

15 

22 

Pizza Hut Super Supreme 

1 sliee 

260 

23 

13 

15 

Long John Silver fish 

2 pieees 

366 

21 

22 

22 

Dairy Queen malt, large 

1 

840 

125 

28 

22 

Desserts 






Chocolate ehip eookie 

4 

200 

29 

9 

2 

Apple pie 

1 pieee 

345 

51 

15 

3 

Dairy Queen eone, large 

1 

340 

52 

10 

10 

Beverages 






Cola soft drink 

12 ounces 

145 

37 



Beer 

12 ounces 

144 

13 


1 

Wine 

3-1/2 ounces 

73 

2 



Hard liquor (86 proof) 

1-1/2 ounces 

105 




Miscellaneous 






Egg 

1 

80 

1 

6 

6 

Mayonnaise 

1 tablespoon 

100 


11 


Sugar 

1 tablespoon 

45 

12 



V 
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Reeommendations and eritieisms 
of MyPyramid 


The 2005 MyPyramid guidelines make several important reeommen- 
dations: Weight eontrol and exercise are emphasized. Moderation, 
how much we eat, is at least as important as what we eat. Reducing 
intake by 50-100 kiloealories per day may prevent weight gain in 
many people. Thirty minutes a day of exercise is good for the heart, 
but even more is needed for the waist. There are good and bad fats. 
We should limit the intake of saturated fats and trans fats, while using 
unsaturated fats. Carbohydrates are good, espeeially whole grains, but 
sugars and highly refìned grains should be avoided. We should eon- 
sume foods rieh in vitamins, minerals, and fìber. Nine servings a day of 
frnits and vegetables and three cups a day of low-fat or fat-free milk or 
yogurt, or three servings of other dairy products, are reeommended. 

Although the MyPyramid guidelines are eonsidered a positive 
step forward, there are some eritieisms.The guidelines permit half of 
the earbohydrates in the diet to be refìned stareh, such as white 
bread, white riee, and ehips. The body's response to these earbohy- 
drates is similar to its response to sugar. The guidelines reeommend 
protein sources that are "lean, low-fat, or fat-free."Thus, the guide- 
lines do not distinguish between lean red meat and other sources of 
protein, such as poultry, fish, and beans, which have less saturated 
fats and more unsaturated fats. The guidelines' reeommendation for 
dairy products is intended to inerease calcium intake to help prevent 
osteoporosis. Supplements of calcium and vitamin D, along with 
exercise, are effeetive preventive measures that do not inerease daily 
intake of kiloealories. Also, many people are laetose intolerant and 
eannot consume dairy products (see ehapter 21). 


3 List the six food groups shown in MyPyramid. How is the moderation 
of eating and exercise indieated in MyPyramid? 

earbohydrates 

Sources in the Diet 

Carbohydrates include monosaeeharides, disaeeharides, and poly- 
saeeharides (see ehapter 2). Most of the earbohydrates humans ingest 
eome from plants. An exception is laetose (milk sugar), which is 
found in animal and human milk. 

The most eommon monosaeeharides in the diet are glucose and 
fmetose. Plants capture the energy in sunlight and use that energy to 
produce glucose, which ean be found in vegetables. Fmetose (fmit 
sugar) and galaetose are isomers of glucose. Isomers are molecules 
that have the same number and kinds of atoms, but the atoms are in 
different positions within the molecules. Glucose is found in vegeta- 
bles and fmetose is found in fmits, berries, honey, and high-fmetose 
eorn symp, which is used to sweeten soft drinks and desserts. 
Galaetose is usually found in milk. 

The disaeeharide sucrose (table sugar) is what most people think of 
when they use the term sugar. Sucrose is a glucose and a fmetose mole- 
cule joined together (see figure 2.13), and its prineipal sources are sugar- 
eane, sugar beets, maple sugar, and honey. Maltose (malt sugar), derived 
from germinating eereals, is a eombination of two glucose molecules, 
and laetose (in milk) eonsists of a glucose and a galaetose molecule. 


MyFVramid 


EALTHIER yOU 


MyPyramid.gov 



GRAINS 

VEGETABLES 

FRLIITS 

MILK 

MEAT&BEANS 


Figure 22.1 MyPyramid 

The pyramid suggests the approaehes to a healthy diet: Eat various foods 
(different-eolored bands), eat different amounts of eaeh food type (band 
width), eat in moderation (bands narrow from bottom to top), use fats and 
sugars sparingly (the wide base stands for foods with little or no solid fats or 
added sugars), and exercise (stickfigure elimbing stairs). 

Source: U.S. Department of Agriculture. 


The complex earbohydrates are the polysaeeharides: stareh, gly- 
eogen, and cellulose. These polysaeeharides eonsist of many glucose 
molecules bound together to form long ehains. Stareh is an energy- 
storage molecule in plants and is found primarily in vegetables, fmits, 
and grains. Glyeogen is an energy-storage molecule in animals and is 
loeated primarily in muscle and in the liver. By the time meats have 
been proeessed, they eontain little, if any, glyeogen because it is used 
up by the dying muscle eells (see “Anaerobie Glyeolysis,” p. 703). 
Cellulose forms eell walls, which surround plant eells. 

llses in the Body 

During digestion, polysaeeharides and disaeeharides are split into mono- 
saeeharides, which are absorbed into the blood (see ehapter 21). Humans 
ean digest stareh and glyeogen because they ean break the bonds between 
the glucose molecules of stareh and glyeogen. Humans are unable to 
digest cellulose because they eannot break the bonds between its glucose 
molecules. Instead, cellulose provides fiber, or a roughage,” thereby 
inereasing the bulk of feees, making it easier to defeeate. 

The liver eonverts fmetose, galaetose, and other monosaeeha- 
rides absorbed by the blood into glucose. Glucose, whether absorbed 
from the digestive traet or synthesized in the liver, is an energy source 
used to produce adenosine triphosphate (ATP) molecules (see 
“Anaerobie Glyeolysis,” p. 703 and “Aerobie Respiration,” p. 703). 
Blood glucose levels are carefully regulated because the brain relies 
almost entirely on glucose for its energy (see ehapter 18). 

If excess amounts of glucose are present, the glucose is eonverted 
into glyeogen, which is stored in muscle and in the liver. Because eells 
ean store only a limited amount of glyeogen, any additional glucose 
is eonverted into fat, which is stored in adipose tissue. Glyeogen ean 
be rapidly eonverted baek to glucose when energy is needed. For 
example, during exercise muscles eonvert glyeogen to glucose, and 
between meals the liver helps maintain blood sugar levels by eonvert- 
ing glyeogen to glucose, which is released into the blood. 
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In addition to being used as a source of energy, sugars have other 
functions. They form part of deoxyribonucleic aeid (DNA), ribonu- 
eleie aeid (RNA), and ATP molecules (see ehapter 2); they also 
eombine with proteins to form glyeoproteins, such as the glyeopro- 
tein reeeptor molecules on the outer surface of the plasma membrane 
(see ehapter 3). 

Reeommended Amounts 

Aeeording to the Dietary Guidelines Advisory Committee, the 
Aeeeptable Macronutrient Distribution Range (AMDR) for earbo- 
hydrates is 43%—63% of total kiloealories. Although a minimum level 
of earbohydrates is not known, it is assumed that amounts of 100 g or 
less per day result in overnse of the body’s proteins and fats for energy 
sources. The use of proteins for energy ean result in the breakdown of 
muscle tissue because muscles are primarily protein. The extensive use 
of fats as an energy source ean result in aeidosis (see ehapter 15). 

Complex earbohydrates are reeommended in the diet because 
starehy foods often eontain other valuable nutrients, such as vitamins 
and minerals, and because the slower rate of digestion and absorption 
of complex earbohydrates does not result in large inereases and deereases 
in blood glucose levels, as the consumption of large amounts of simple 
sugars does. Foods eontaining large amounts of simple sugars, such as 
soft drinks and eandy, are rieh in earbohydrates, but they have few other 
nutrients. For example, a typieal soft drink is mostly sucrose, eontaining 
9 teaspoons of sugar per 12-ounce eontainer. In excess, the consump- 
tion of these kinds of foods usually results in obesity and tooth deeay. 

4 What are the most eommon monosaeeharides in the diet? What are 
sucrose, maltose, and laetose? 

5 Give three examples of complex earbohydrates. How does the body 
usethem? 

6 How does the body use glucose and other monosaeeharides? 

7 What quantities of earbohydrate should be ingested daily? 

Lipids 

Sources in the Diet 

About 95% of the lipids in the human diet are triglyeerides 
(tri-glis'er-ldz). Triglyeerides, which are sometimes ealled triaeyl- 
glyeerols (tri -as' il-glis' er-olz), eonsist of three fatty aeids attaehed to a 
glyeerol molecule (see figure 2.14). Triglyeerides are often referred to as 
fats or oils. Fats are solid at room temperamre, whereas oils are liquid. 
Fats and oils ean be eategorized as saturated or unsaturated. Saturated 
fats and oils have only single eovalent bonds between the earbon atoms 
of their fatty aeids (see figure 2.15 a). They are found in the fats of meats 
(e.g., beef, pork), dairy products (e.g., whole milk, eheese, butter), eggs, 
coconut oil, and palm oil. Unsaturated fats and oils have one or more 
double eovalent bonds between the earbon atoms of their fatty aeids 
(see figure 2.15^). Monounsaturated fats have one double bond and 
polyunsaturated fats have two or more double bonds. Monounsaturated 
fats include olive and peanut oils; polyunsaturated fats are in fish, saf- 
flower, sunflower, and eorn oil. 

Unsaturated fatty aeids ean be elassified aeeording to the loeation 
of their first double bond from the omega (methyl) end of the fatty 
aeid. The first double bond of an omega-3 fatty aeid starts three ear- 
bon atoms after the omega end, an omega-6 fatty aeid after six ear- 
bons, and an omega-9 fatty aeid after nine earbons (see figure 2.15^). 



Saturating Fats 


Solid fats, such as shortening and margarine, work better than 
liquid oils do for preparing some foods, such as pastries. 
Polyunsaturated vegetable oils ean be ehanged from a liquid to a 
solid by making them more saturated—that is, by deereasing the 
number of double eovalent bonds in their polyunsaturated fatty 
aeids. To saturate an unsaturated oil, hydrogen gas is bubbled 
through it. As hydrogen binds to the fatty aeids, double eovalent 
bonds are eonverted to single eovalent bonds to produce a ehange 
in molecular shape that solidifies the oil. The more saturated the 
product, the harder it beeomes at room temperature. 

llnproeessed polyunsaturated fats are found mostly in the e/s 
form, which means the hydrogen atoms are on the same side of the 
earbon-earbon double bond in their fatty aeids (see fìgure 2.15ò). 
During hydrogenation, some of the hydrogen atoms are transferred 
to the opposite side of the double bond to make the trans form, in 
which one hydrogen atom is on one side of the double bond and 
another is on the opposite side. Proeessed foods and oils account for 
most of the trans fats in the Ameriean diet, although some trans fats 
occur naturally in food from animal sources. Trans fatty aeids raise the 
eoneentration of low-density lipoproteins and lower the eoneentra- 
tion of high-density lipoproteins in the blood (see ehapter 21).These 
ehanges are assoeiated with a greater riskfor cardiovascular disease. 


Tbe remaining 5% of lipids include eholesterol and phospholipids, 
such as leeithin (les'i-thin, lekithos , egg yolk). Cholesterol is a steroid 
(see figure 2.17) found in high eoneentrations in liver and egg yolks, but 
it is also present in whole milk, eheese, butter, and meats. Cholesterol 
is not found in plants. Phospholipids are major eomponents of plasma 
membranes, and they are found in a variety of foods, such as egg yolks. 

llses in the Body 

Triglyeerides are important sources of energy that are used to pro- 
duce ATP molecules. A gram of triglyeeride delivers more than twice 
as many kiloealories as a gram of earbohydrate. Some eells, such as 
skeletal muscle eells, derive most of their energy from triglyeerides. 

After a meal, excess triglyeerides that are not immediately used 
are stored in adipose tissue or the liver. Later, when energy is 
required, the triglyeerides are broken down, and their fatty aeids are 
released into the blood, where they are taken up and used by various 
tissues. In addition to storing energy, adipose tissue surrounds and 
pads organs, and under the skin adipose tissue is an insulator, which 
prevents heat loss. 

Cholesterol is an important molecule with many fimetions in 
the body. It ean be either obtained in food or manufactured by the 
liver and most other tissues. Cholesterol is a eomponent of the 
plasma membrane, and it ean be modified to form other useful mol- 
ecules, such as bile salts and steroid hormones. Bile salts are neeessary 
for fat digestion and absorption. Steroid hormones include the sex 
hormones estrogen, progesterone, and testosterone, which regulate 
the reproductive system. 

The eieosanoids (l'kò-sà-noydz), which include prostaglandins 
and leukotrienes, are derived from fatty aeids. The molecules are 
involved in aetivities such as inflammation, blood elotting, tissue 
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repair, and smooth muscle eontraetion. Phospholipids, such as leei- 
thin, are part of the plasma membrane and are used to construct the 
myelin sheath around the axons of nerve eells. Leeithin is also found 
in bile and helps emulsify fats. 

Reeommended Amounts 

The AMDR for fats is 20%-35% for adults, 25%—35% for ehildren 
and adoleseents 4 to 18 years of age, and 30%-35% for ehildren 2 to 
3 years of age. Saturated fats should be 10% of total kiloealories, or 
as low as possible. Most dietary fat should eome from sources of 
polyunsaturated and monounsaturated fats. Cholesterol should be 
limited to 300 mg (the amount in one egg yolk) or less per day and 
trans fat consumption should be as low as possible. These guidelines 
refleet the belief that excess amounts of fats, espeeially saturated fats, 
trans fats, and eholesterol, contribute to cardiovascular disease. The 
typieal Ameriean diet derives 35%—45% of its kiloealories from fats, 
indieating that most Amerieans need to reduce fat consumption. 

Most of the leeithin consumed in the diet is broken down in the 
digestive traet. The liver ean manufacture all of the leeithin neeessary 
to meet the body’s needs, so it is not neeessary to consume leeithin 
supplements. 

Alpha-linolenie (lin-ò-len'ik) aeid is an omega-3 fatty aeid, and 
linoleie (lin-ó-lè'ik) aeid is an omega-6 fatty aeid. They are essential 
fatty aeids, which must be ingested because humans laek the 
enzymes neeessary to synthesize them. Other fatty aeids, such as 
omega-9 fatty aeids, ean be synthesized from the essential fatty aeids. 
Seeds, nuts, and legumes are good sources of alpha-linolenie and 
linoleie aeids. Alpha-linolenie aeid is in the green leaves of plants, 
and linoleie aeid is found in grains. 



Fatty Aeids and Blood eiotting 

The essential fatty aeids are used to synthesize prostaglandins 
that affeet blood elotting. Linoleie aeid ean be eonverted to araehi- 
donie (à-rak-i-don'ik) aeid, which is an omega-6 fatty aeid. The ara- 
ehidonie aeid is used to produce thromboxanes, which inerease 
blood elotting. Alpha-linolenie aeid ean be eonverted to eieosa- 
pentaenoie (T'kò-sà-pen-tà-nó'ik) aeid (EPA) and docasahexaenoic 
(dò'kò-sà-heks-à-nò'ik) aeid (DHA), which are omega-3 fatty aeids. 
They ean be used to synthesize prostaglandins that deerease blood 
elotting. Individuals who consume foods rieh in EPA and DHA, such 
as herring, salmon, tuna, and sardines, inerease the synthesis of pros- 
taglandins from EPA and DHA. Individuals who eat these fìsh two or 
more times per week have a lower risk for heart attaek than those 
who do not, possibly because of reduced blood elotting. EPA and 
DHA are also known to reduce blood triglyeeride levels. Those who 
do not like to eat fìsh ean take fìsh oil supplements as a source of EPA 
and DHA. Flaxseed isasource of alpha-linolenie aeid, from which EPA 
and DHA ean be synthesized. Whether or not flaxseed ean provide 
the same benefits as EPA and DHA is under investigation. Individuals 
who have bleeding disorders, take anticoagulants, or antieipate sur- 
gery should follow their physieian's adviee regarding the use of these 
supplements because they ean inerease the risk for bleeding and 
hemorrhagie stroke. 


8 What is the major source of lipids in the diet? What are other sources? 

9 Define saturated fats and unsaturated fats. 

10 How does the body use triglyeerides, eholesterol, prostaglandins, and 
leeithin? 

11 Deseribe the reeommended dietary intake of lipids. List the essential 
fatty aeids. 

Proteins 

Sources in the Diet 

Proteins are ehains of amino aeids (see ehapter 2). Proteins in the body 
are eonstmeted of 20 kinds of amino aeids, which are divided into two 
groups: essential and nonessential. The body eannot synthesize essen- 
tia! amino aeids, so they must be obtained in the diet. The nine 
essential amino aeids are histidine, isoleucine, leucine, lysine, methio- 
nine, phenylalanine, threonine, tryptophan, and valine. Although the 
nonessentia! amino aeids are neeessary to eonstmet our proteins, they 
are nonessential in the sense that it is not neeessary to ingest them 
because they ean be synthesized from the essential amino aeids. 

A eomplete protein food eontains adequate amounts of all nine 
essential amino aeids, whereas an ineomplete protein food does not. 
Examples of eomplete proteins are meat, fish, poultry, milk, eheese, 
and eggs; ineomplete proteins include leafy green vegetables, grains, 
and legumes (peas and beans). 

llses in the Body 

The body uses essential and nonessential amino aeids to synthesize 
proteins. Proteins perform numerous fimetions, as the following 
examples illustrate. Collagen provides structural strength in eonnee- 
tive tissue, as does keratin in the skin, and the eombination of aetin 
and myosin makes muscle eontraetion possible. Enzymes regulate the 
rate of ehemieal reaetions, and protein hormones regulate many 
physiologieal proeesses (see ehapter 15). Proteins in the blood pre- 
vent ehanges in pH (buffers), promote blood elotting (coagulation 
faetors), and transport oxygen and earbon dioxide in the blood 
(hemoglobin). Transport proteins (see ehapter 3) move materials 
aeross plasma membranes, and other proteins in the plasma mem- 
brane fimetion as reeeptor molecules. Antibodies, lymphokines, and 
eomplement are part of the immune system response that proteets 
against mieroorganisms and other foreign substances. 

The body also uses proteins as a source of energy, yielding the 
same amount of energy as earbohydrates. If excess proteins are 
ingested, the energy in the proteins ean be stored by eonverting their 
amino aeids into glyeogen or fats. 

Reeommended Amoiints 

The AMDR for protein is 10%—35% of total kiloealories. If two 
ineomplete proteins, such as riee and beans, are ingested, eaeh ean 
provide the amino aeids laeking in the other. Thus, a eorreetly bal- 
aneed vegetarian diet ean provide all of the essential amino aeids. 

When protein intake is adequate, the synthesis and breakdown 
of proteins in a healthy adult occur at the same rate. The amino aeids 
of proteins eontain nitrogen, so saying that a person is in nitrogen 
balanee means that the nitrogen eontent of ingested protein is equal 
to the nitrogen excreted in urine and feees. A starving person is in 
negative nitrogen balanee because the nitrogen gained in the diet is 
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less than that lost by excretion. In other words, when proteins are 
broken down for energy, more nitrogen is lost than is replaeed in the 
diet. A growing ehild or a healthy pregnant woman, on the other 
hand, is in positive nitrogen balanee because more nitrogen is going 
into the body to produce new tissues than is lost by excretion. 

12 Distinguish between essential and nonessential amino aeids and 
between eomplete and ineomplete protein foods. 

13 Deseribe some of the functions performed by proteins in the body. 

14 What is the AMDR of proteins? Define nitrogen balanee. 

Vitamins 

Vitamins (vlt'à-minz, life-giving ehemieals) are organie molecules that 
exist in minute quantities in food and are essential to normal metabo- 
lism (table 22 . 2 ). Essentia! vitamins eannot be produced by the body 
and must be obtained through the diet. Because no single food item or 
nutrient elass provides all the essential vitamins, it is neeessary to main- 
tain a balaneed diet by eating a variety of foods. The absenee of an 
essential vitamin in the diet ean result in a speeifie defieieney disease. 
A few vitamins, such as vitamin K, are produced by intestinal baeteria, 
and a few ean be formed by the body from substances ealled provita- 
mins. A provitamin is a part of a vitamin that ean be assembled or 
modified by the body into a fimetional vitamin. Beta earotene is an 
example of a provitamin that ean be modified by the body to form 
vitamin A. The other provitamins are 7-dehydroeholesterol (dè- 
hl'dro-kò-les'ter-ol), which ean be eonverted to vitamin D, and tryp- 
tophan (trip'tò-fan), which ean be eonverted to niaein. 

Vitamins are not broken down by eatabolism but are used by the 
body in their original or slightly modified forms. After the ehemieal 
structure of a vitamin is destroyed, its fimetion is usually lost. The 
ehemieal structure of many vitamins is destroyed by heat, such as 
when food is overeooked. 

Many vitamins function as eoenzymes, which eombine with 
enzymes to make the enzymes fimetional. Without eoenzymes and 
their enzymes, many ehemieal reaetions would occur too slowly to 
support good health and even life. For example, vitamins B 2 and B 3 , 
biotin (bl'ò-tin), and pantothenie (pan-tò-then'ik) aeid are eritieal 
for some of the ehemieal reaetions involved in the production of 
ATP. Folate (fò'làt) and vitamin B 12 are involved in nucleic aeid syn- 
thesis. Vitamins A, Bi, B^, B 12 , C, and D are neeessary for growth. 
Vitamin K is neeessary for the synthesis of proteins involved in blood 
elotting (see table 22 . 2 ). 

Vitamins are either fat-soluble or water-soluble. Fat-soluble 
vitamins, such as vitamins A, D, E, and K, dissolve in lipids. They 
are absorbed from the intestine along with lipids. Some of them ean 
be stored in the body for a long time. Fat-soluble vitamins ean accu- 
mulate in the body to the point of toxicity because they ean be 
stored. Water-soluble vitamins, such as the B vitamins and vitamin 
C, dissolve in water. They are absorbed from the water in the intesti- 
nal traet and typieally remain in the body only a short time before 
being excreted in the urine. 

Vitamins were diseovered at the beginning of the twentieth een- 
tury. They were found to be assoeiated with eertain foods known to 
proteet people from diseases such as riekets and beriberi. In 1941, the 
first Food and Nutrition Board established the Reeommended 
Dietary Allowances (RDAs), which are the nutrient intakes sufficient 


to meet the needs of nearly all people in eertain age and gender groups. 
RDAs were established for different-aged males and females, starting 
with infants and continuing on to adults. RDAs are also set for preg- 
nant and laetating women. The RDAs have been reevaluated every 4—5 
years and updated when neeessary on the basis of new information. 

The RDAs establish a minimum intake of vitamins and minerals 
that should proteet almost everyone ( 97 %) in a given group from dis- 
eases caused by vitamin or mineral defieieneies. Although personal 
requirements ean vary, the RDAs are a good benehmark. The fbrther 
dietary intake is below the RDAs, the more likely a nutritional defi- 
eieney will occur. On the other hand, the consumption of too large a 
quantity of some vitamins and minerals ean have harmfiil effeets. For 
example, the long-term ingestion of 3—10 times the RDA for vitamin A 
ean cause bone and muscle pain, skin disorders, hair loss, and inereased 
liver size. The long-term consumption of 5—10 times the RDA of vita- 
min D ean result in the deposition of calcium in the kidneys, heart, and 
blood vessels, and the regular consumption of more than 2 g of vitamin 
C daily ean cause stomaeh inflammation and diarrhea. 



Free Radieals and Antioxidants 

Free radieals are molecules, produced as part of normal metabo- 
lism, that are missing an eleetron. Free radieals ean replaee the missing 
eleetron by taking an eleetron from eell molecules, such as fats, pro- 
teins, or DNA, resulting in damage to the eell. Damage from free radieals 
may contribute to aging and eertain diseases, such as atheroselerosis 
and eaneer.The loss of an eleetron from a molecule is ealled oxidation. 
Antioxidants are substances that prevent the oxidation of eell eompo- 
nents by donating an eleetron to free radieals. Examples of antioxidants 
include beta earotene (provitamin A), vitamin C, and vitamin E. 

Many studies have been done to determine whether or not tak- 
ing large doses of antioxidants is benefìeial. Although future researeh 
may suggest otherwise, the consensus among seientists establish- 
ing the RDAs is that the best evidenee presently available does not 
support elaims that taking large doses of antioxidants prevents 
ehronie disease or otherwise improves health. On the other hand, 
the amount of antioxidants normally found in a balaneed diet that 
includes fruits and vegetables rieh in antioxidants, eombined with 
the complex mix of other ehemieals found in food, ean be benefieial. 


15 What are vitamins, essential vitamins, and provitamins? Name the 
water-soluble vitamins and the fat-soluble vitamins. 

16 List some of the functions of vitamins. 

17 What are Reeommended Dietary Allowances (RDAs)? Why are they useful? 




What would happen if vitamins were broken down during the proeess of diges- 
tion rather than being absorbed intaet into the circulation? 


Minerals 

Minerals (min'er-àlz) are inorganie nutrients that are neeessary for 
normal metabolie fimetions. Based on the amount of the mineral 
required in the diet for good health, the minerals are divided into two 
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Table 22.2 


Prineipal vitamins 


Vitamin 

Fat (F)- or 
Water (W)- 
Soluble 

Source 

Function 

Symptoms of 
Defìeieney 

Referenee 
Daily Intake 
(RDI)* 

A (retinol) 

F 

From provitamin beta 
earotene found in yellovv 
and green vegetables: 
preformed in liver, egg 
yolk, butter, and milk 

Neeessary for rhodopsin 
synthesis, normal health 
of epithelial eells, and 
bone and tooth grovvth 

Rhodopsin defkieney, night 
blindness, retarded 
grovvth, skin disorders, 
and inerease in infeetion 
risk 

900 RE + 

Bt (thiamine) 

W 

Yeast, grains, and milk 

Involved in earbohydrate 
and amino aeid 
metabolism, neeessary 
for grovvth 

Beriberi—muscle vveakness 
(including eardiae 
muscle), neuritis, 
and paralysis 

1.2 mg 

B 2 (riboflavin) 

w 

Green vegetables, liver, 
vvheat germ, milk, 
and eggs 

Component of flavin adenine 
dinucleotide; involved 
in eitrie aeid eyele 

Eye disorders and skin 
eraeking, espeeially at 
eorners of the mouth 

1.3 mg 

B 3 (niaein) 

w 

Fish, liver, red meat, yeast, 
grains, peas, beans, 
and nuts 

Component of nieotinamide 
adenine dinucleotide; 
involved in glyeolysis 
and eitrie aeid eyele 

Pellagra—diarrhea, dermatitis, 
and nervous system 
disorder 

16 mg 

Pantothenie aeid 

w 

Liver, yeast, green vegetables, 
grains, and intestinal 
baeteria 

Constituent of eoenzyme-A, 
glucose production from 
lipids and amino aeids, 
and steroid hormone 
synthesis 

Neuromuscular dysfunction 
and fatigue 

5 mg 

Biotin 

w 

Liver, yeast, eggs, and 
intestinal baeteria 

Fatty aeid and nucleic aeid 
synthesis, movement of 
pymvie aeid into eitrie 
aeid eyele 

Mental and muscle 
dysfunction, fatigue, 
and nausea 

30 |jg 

B 6 (pyridoxine) 

w 

Fish, liver, yeast, tomatoes, 
and intestinal baeteria 

Involved in amino aeid 
metabolism 

Dermatitis, retarded grovvth, 
and nausea 

1.7 mg 

Folate 

w 

Liver, leafy green vegetables, 
and intestinal baeteria 

Nucleic aeid synthesis, 
hematopoiesis, prevent 
birth defeets 

Maeroeytie anemia (enlarged 
red blood eells) and neural 
tube defeets 

0.4 mg 

B 12 (eobalamins) 

w 

Liver, red meat, milk, 
and eggs 

Neeessary for red blood eell 
production, some nucleic 
aeid and amino aeid 
metabolism 

Pernicious anemia and 
nervous system 
disorders 

2.4 |jg 

C (aseorbie aeid) 

w 

Citrus fruit, tomatoes, 
and green vegetables 

Collagen synthesis, 
general protein 
metabolism 

Scurvy—defeetive bone 
formation and poor 
wound healing 

90 mg 

D (eholeealeiferol, 
ergosterol) 

F 

Fish liver oil, enriehed 
milk, and eggs; 
provitamin D 
eonverted by 
sunlightto 
eholeealeiferol 
in the skin 

Promotes calcium 
and phosphorus use, 
normal grovvth and 
bone and teeth 
formation 

Riekets—poorly 
developed, 
weak bones, 
osteomalaeia; 
and bone 
reabsorption 

10 H9* 

E (toeopherol, 
toeotrienols) 

F 

Wheat germ, eottonseed, 
palm, and riee oils; grain; 
liver; and lettuce 

Prevents the oxidation 
of eell membranes 
and DNA 

Hemolysis of red 
blood eells 

15 mg 

K (phylloquinone) 

F 

Alfalfa, liver, spinaeh, 
vegetable oils, 
eabbage, and 
intestinal baeteria 

Required for synthesis 
of a number of 
elotting faetors 

Excessive bleeding 
due to retarded 
blood elotting 

120 [xg 

I 





/ 


*RDIs for people over 4 years of age; IU = international units. 

+ Retinol equivalents (RE). 1 retinol equivalent = 1 pg retinol or6 pg beta earotene. 
+ As eholeealeiferol, 1 pg eholeealeiferol = 40 IU vitamin D. 
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Table 22.3 


important Minerals 


Mineral 

Function 

Symptoms of Defìeieney 

Referenee Daily 
Intake (RDI)* 

Calcium 

Bone and teeth formation, blood elotting, 
muscle aetivity, and nerve function 

Spontaneous aetion potential generation 
in neurons;tetany 

1300 mg 

Chlorine 

Blood aeid-base balanee; hydroehlorie aeid 
production in stomaeh 

Aeid-base imbalanee 

2.3 g + 

Chromium 

Assoeiated with enzymes in glucose 
metabolism 

Unknown 

35 |jg 

Cobalt 

Component of vitamin B 12 ; red blood eell 
production 

Anemia 

Unknown 

Copper 

Hemoglobin and melanin production; 
eleetron-transport system 

Anemia and loss of energy 

0.9 mg 

Fluorine 

Provides extra strength in teeth, prevents 
dental earies 

No real pathology 

4 mg 

lodine 

Thyroid hormone production; maintenanee 
of normal metabolie rate 

Goiter and deerease in normal metabolism 

150 pg 

Iron 

Component of hemoglobin; ATP 
production in eleetron-transport system 

Anemia, deereased oxygen transport, and 
energy loss 

18 mg 

Magnesium 

Coenzyme constituent; bone formation, 
muscle and nerve function 

inereased nervous system irritability, 
vasodilation, and arrhythmias 

420 mg 

Manganese 

Hemoglobin synthesis, growth, and aetivation 
of several enzymes 

Tremors and convulsions 

2.3 mg 

Molybdenum 

Enzyme eomponent 

Unknown 

45 |jg 

Phosphorus 

Bone and teeth formation; energy transfer 
(ATP); eomponent of nucleic aeids 

Loss of energy and cellular function 

1250 mg 

Potassium 

Muscle and nerve function 

Muscle weakness, abnormal 
eleetroeardiogram, and alkaline urine 

4.7 g 

Selenium 

Component of many enzymes 

Unknown 

55 |jg 

Sodium 

Osmotie pressure regulation; nerve and 
muscle function 

Nausea, vomiting, exhaustion, and 
dizziness 

1.5 g + 

Sulfur 

Component of hormones, several vitamins, 
and proteins 

Unknown 

Unknown 

Zine 

Component of several enzymes; earbon 
dioxidetransportand metabolism; 
protein metabolism 

Defieient earbon dioxide transport and 
defieient protein metabolism 

11 mg 


*RDIs for people over 4 years of age, except for sodium. 
+ 3.8 g sodium ehloride (table salt). 


groups. The daily requirement for major minerals is 100 mg or more 
daily, whereas for traee minerals it is less than 100 mg daily. The 
requirement for some traee minerals is unknown. Minerals constitute 
about 4%-5% of total body weight and are eomponents of eoenzymes, 
a few vitamins, hemoglobin, and other organie molecules. Minerals are 
involved in a number of important fìmetions, such as establishing rest- 
ing membrane potentials and generating aetion potentials, adding 
meehanieal strength to bones and teeth, eombining with organie mol- 
ecules, and aeting as eoenzymes, buffers, and regulators of osmotie 
pressure. Table 22.3 lists important minerals and their fìanetions. 

Minerals are ingested by themselves or in eombination with 
organie molecules, and they are obtained from animal and plant 
sources. Mineral absorption from plants, however, ean be limited 
because the minerals tend to bind to plant fibers. Refined breads and 


eereals have hardly any minerals or vitamins because they are lost in 
the proeessing of the seeds used to make them. The seeds are crushed 
and the outer parts of the seeds, which eontain most of their miner- 
als and vitamins, are removed. The inner part of the seeds, which has 
few minerals and vitamins, is used to make the refined breads and 
eereals. Minerals and vitamins are often added to refined breads and 
eereals to eompensate for their loss during the refinement proeess. 

A balaneed diet ean provide all the vitamins and minerals 
required for good health for most people. Some nutritionists, however, 
reeommend taking a onee-a-day multiple vitamin and mineral supple- 
ment as insurance because many people do not have a balaneed diet. 

18 What are minerals? List some of the important functions of minerals. 
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Vegetarian Diet 

Plants alone ean provide all of the protein required for good 
health. In order to get adequate amounts of the essential amino 


aeids, a variety of protein sources, such as grains and legumes, 

1 1 1 1 1 

Ca1orìes 160_Galorles from Fat 90 

should be consumed. 

% DalJy Value* J 

The Dietary Guidelines for Amerieans reeommend that vegan 

Total Fat I0g 

16% 

diets be supplemented with vitamin B 12 , vitamin D, calcium, iron, 

Saturated Fat 1,5g 

7% 

and zine. This is espeeially important for ehildren and pregnant and 

Gholesterol Omg 

0% 

laetating women. Plant sources do not supply vitamin B 12 or suffì- 

5odíum 170mg 

7% 


eient amounts of vitamin D, although the body ean produce vitamin 
D with adequate exposure to sunlight (see ehapter 5). Calcium is 
found in leafy green vegetables and nuts. Iron and zine are in whole 
grains, nuts, and legumes. However, these minerals are either in low 
amounts or not easily absorbed. 


Daily Values 

Daily Values are dietary referenee values that appear on food labels to 
help consumers plan a healthy diet. However, not all possible Daily 
Values are required to be listed on food labels. Daily Values are based 
on two other sets of referenee values: Referenee Daily Intakes and 
Daily Referenee Values. The Referenee Daily Intakes (RDIs) are 
based on the 1968 RDAs for eertain vitamins and minerals. RDIs have 
been set for four eategories of people: infants, toddlers, people over 4 
years of age, and pregnant or laetating women. Generally, the RDIs are 
set to the highest 1968 RDA value of an age eategory. For example, the 
highest RDA for iron in males over 4 years of age is 10 mg/day and for 
females over 4 years of age is 18 mg/day. Thus, the RDI for iron is set 
at 18 mg/day. The Daily Referenee Values (DRVs) are set for total fat, 
saturated fat, eholesterol, total earbohydrate, dietary fiber, sodium, 
potassium, and protein. 

Having two standards on food labels, RDIs for vitamins and 
minerals and DRVs for other nutrients, was thought to be more 
confusing for consumers than having one standard. Therefore, the 
RDIs and DRVs were eombined to form the Daily Values. 

The Daily Values appearing on food labels are based on a 
2000 keal referenee diet, which approximates the weight mainte- 
nanee requirements of postmenopausal women, women who exercise 
moderately, teenage girls, and sedentary men (figure 22.2). On large 
food labels, additional information is listed based on a daily intake of 
2500 keal, which is adequate for young men. 

The Daily Values for energy-producing nutrients are determined as a 
pereentage of daily kiloealorie intake: 60% for earbohydrates, 30% for 
total fats, 10% for samrated fats, and 10% for proteins. The Daily Value 
for fiber is 11.5 g for eaeh 1000 keal of intake. The Daily Values for a 
nutrient in a 2000 keal/day diet ean be ealetilated on the basis of the ree- 
ommended daily pereentage of the nutrient and the kiloealories in a gram 
of the nutrient. For example, earbohydrates should be 60% of a 2000 keal/ 
day diet, or 1200 keal/day (0.60 X 2000). Sinee there are 4 keal in a gram 
of earbohydrate, the Daily Value for earbohydrate is 300 g/day (1200/4). 

The Daily Values for some nutrients are the uppermost limits 
eonsidered desirable because of the link between these nutrients and 
eertain diseases. Thus, the Daily Values for total fats are less than 65 g; 
saturated fats, less than 20 g; and eholesterol, less than 300 mg 
because of their assoeiation with inereased risk for heart disease. The 



Niitrition 

Servìng Size 1 oz. (28g/Abou!32 ehìps) 
Servíngs Per Goníaìner 2.5 



Amounl Per Servlng 


Total Oarbohydrate I5g 


5% 


Dletary Rber 1g 


4% 


Sugars iess than 1g 


Proteín 2g 



Vitamin A 0% 


VjtamlnG 0% 


Calcíum 2% 


Iron 0°/< 


* Pereent Dally Values ara based on a 3,000 eabrle 
dfet. Yotif dalJy va’ues may be highar or lower 
depending on your oalorle needs: 


Oaforíes: 


2,000 


2,500 


Toiat Fat Less than 

fìat F a! Uss then 

Gholesterol thán 

Sodium Lsssth^n 

Total Garbohydrate 
Dioiary Fber 


esg 
20g 
300 mg 
2,400mg 

25g 


80 g 



300mg 

2,400mg 

375g 

30 g 


Gatoríes per gram: 

Fai 9 • GaTtohydrate 4 


PfDtein 4 


Figure 22.2 A Typieal Food Label 


Daily Value for sodium is less than 2400 mg because of its assoeia- 
tion with high blood pressure in some people. 

For a particular food, the Daily Value is used to calculate the 
Pereent Daily Value (% Daily Value) for some of the nutrients in 
one serving of the food (see figure 22.2). For example, if a serving of 
food has 3 g of fat and the Daily Value for total fat is 65 g, the % 

Daily Value is 5% (3/65 = 0.05, or 5%). The Food and Drug 

Administration (FDA) requires % Daily Values to be on food labels 
so that the public has useful and accurate dietary information. 



Prediet 


One serving of a food has 30 g of earbohydrate. What % Daily Value for earbo- 
hydrate is on the food label for this food? 


The % Daily Values for nutrients related to energy consumption 
are based on a 2000 keal/day diet. For people who maintain their 
weight on a 2000 keal/day diet, the total of the % Daily Values for eaeh 
of these nutrients should add up to no more than 100%. For individu- 
als consuming more or fewer kiloealories per day than 2000 keal, 
however, the total of the % Daily Values ean be more or fewer than 
100%. For example, for a person consuming 2200 keal/day, the total of 
the % Daily Values for eaeh of these nutrients should be no more than 
110 % beeatise 2200/2000 = 1.10, or 110%. 



Prediet 


Suppose a person consumes 1800 keal/day. What total % Daily Values for 
energy-producing nutrients is reeommended? 
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When using the % Daily Values of a food to determine how 
the amounts of eertain nutrients in the food fit into the overall diet, 
the number of servings in a eontainer or paekage needs to be eon- 
sidered. For example, suppose a small (2.25-ounce) bag of eorn 
ehips has a % Daily Value of 16% for total fat. One might suppose 
that eating the bag of ehips accounts for 16% of total fat for the 
day. The bag, however, eontains 2.5 servings. Therefore, if all the 
ehips in the bag are consumed, they account for 40% (16% X 2.5) 
of the maximum reeommended total fat. 

19 What are the Referenee Daily Intakes and the Daily Referenee Values? 
When eombined, what referenee set of values is established? 

20 Define % Daily Vaimes. The % Daily Values appearing on food labels is 
based on how many kiloealories per day? 


22.2 Metabolism 

Metabolism (mé-tab'ò-lizm, ehange) is the total of all the ehemieal 
reaetions that occur in the body. It eonsists of eatabolism 
(kà-tab' ò-lizm), the energy-releasing proeess by which large mole- 
cules are broken down into smaller molecules, and anabolism 
(à-nab' ò-lizm), the energy-requiring proeess by which small mole- 
cules are joined to form larger molecules. 

Catabolism begins during the proeess of digestion and is eon- 
cluded within individual eells. The energy derived from eatabolism is 
used to drive anabolie reaetions and proeesses such as aetive transport 
and muscle eontraetion. Anabolism occurs in all the eells of the body 
as they divide to form new eells, maintain their own intracellular 


structure, and produce molecules, such as hormones, neurotransmit- 
ters, and extracellular matrix molecules for export. 

Large nutrient molecules, such as earbohydrates, lipids, and pro- 
teins, are broken down by digestion into smaller molecules, such as 
glucose, amino aeids, and fatty aeids, which are absorbed from the 
digestive traet into the blood (see ehapter 21). These smaller molecules 
are taken into eells, they are eatabolized, and the energy from them is 
used to eombine adenosine diphosphate (ADP) and an inorganie 
phosphate group (Pi) to form ATP (figure 22.3): 

ADP + Pj + Energy —► ATP 

The energy in small nutrient molecules is used to produce many 
ATP molecules, eaeh of which stores a small amount of energy. The 
smaller amount of energy in eaeh of the many ATP molecules is more 
readily available for use in eells than is the larger amount of energy 
stored in nutrient molecules. ATP is often ealled the energy currency of 
the eell because, when it is spent, or broken down to ADP, energy 
beeomes available for use by the eell. If a quarter represents an ATP 
molecule, then a $20 bill is analogous to a small nutrient molecule. The 
quarter (ATP) ean be used in various vending maehines (ehemieal reae- 
tions), but the $20 bill (nutrient molecule) eannot. 

The ehemieal reaetions responsible for the transfer of energy from 
the ehemieal bonds of nutrient molecules to ATP molecules involve 
oxidation—reduction reaetions. 

An oxidation—reduction reaetion is a ehemieal reaetion in which 
there is an exchange of eleetrons between the reaetants. For example, 
when sodium and ehlorine reaet to form sodium ehloride, the sodium 
atom loses an eleetron, and the ehlorine atom gains an eleetron (see fig- 
ure 2.3). The loss of an eleetron by an atom is ealled oxidation, and the 


ATP prodiietion 

2. The energy released during eatabolism 
ean be used to synthesize ATP. 


eatabolism 

1. Catabolism is the energy- 
releasing reaetions resulting 
from the breakdown of 
larger molecules to smaller 
ones. Ingested food 
is the source of molecules 
used in eatabolie reaetions. 


ATP 




Anabolism 

3. Anabolism is the energy- 
requiring reaetions that join 
smaller molecules to form 
larger ones. Anabolie 
reaetions result in the 
synthesis of the molecules 
neeessary for life. 


ATP breakdown 

4. The energy released from the 

breakdown of ATP ean be used during 
anabolism to synthesize other 
molecules and to provide energy for 
cellular proeesses, such as aetive 
transport and muscle eontraetion. 


Proeess Figure 22.3 atp Derived from eatabolie Reaetions Drives Anabolie Reaetions 

Energy released by eatabolism is required to form ATP from ADP and phosphate (Pj). Energy and a phosphate are given off when ATP is eonverted baek to ADP during 
anabolism. 
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Glyeolysis — 
(see figure 22.5) 



Figure 22.4 ATP Synthesis 

The major events of ATP synthesis are glyeolysis, the eitrie aeid eyele, and the eleetron-transport ehain. 


gain of an eleetron is ealled reduction. The transfer of the eleetron ean be 
eomplete, resulting in an ionie bond, or it ean be a partial transfer, result- 
ing in a eovalent bond. These reaetions are ealled oxidation—reduction 
reaetions because the eomplete or partial loss of an eleetron by one atom 
is aeeompanied by the gain of that eleetron by another atom. Synthesis 
and deeomposition reaetions ean be oxidation—reduction reaetions. 
Thus, a ehemieal reaetion ean be deseribed in more than one way. 

A nutrient molecule has many hydrogen atoms eovalently 
bonded to the earbon atoms that form the “baekbone” of the mole- 
cule. Nutrient molecules have many eleetrons because a hydrogen 
atom is a H + (proton) and an eleetron. Therefore, nutrient molecules 
are highly reduced. When a H + and an assoeiated eleetron are lost 
from the nutrient molecule, the molecule loses energy and beeomes 
oxidized. The energy in the eleetron is used to synthesize ATP. The 
major events of ATP synthesis are summarized in figure 22.4. 


21 Define metaboiism, eatabolism, and anabolism. How is the energy 
derived from eatabolism used to drive anabolie reaetions? 

22 Define oxidation-reduction reaetions. How does the removal of 
hydrogen atoms from nutrient molecules result in a loss of energy 
from the nutrient molecule? 


Monosaeeharides are the breakdown products of earbohydrate diges- 
tion. Of these, glucose is the most important as far as cellular 
metabolism is eoneerned. Glucose is transported in the circulation to 
all the tissues of the body, where it is used as a source of energy. Any 
excess glucose in the blood following a meal ean be used to form 
glyeogen (gll'kò-jen, glyks , sweet), or it ean be partially broken down 


22.3 earbohydrate Metabolism apir 























Nutrition ( Metabolism, and Temperature Regulation 


701 


1. Input of ATP 

Two ATP molecules are 
required to start glyeolysis; 
fructose-1,6-bisphosphate 
is formed. 



ATP 



Glucose 



Glucose-6-phosphate 



Proeess Figure 22.5 Giyeoiysis 

The ehemieal reaetions of glyeolysis take plaee in the eytosol. 


and the eomponents used to form fat. Glyeogen is a short-term 
energy-storage molecule, which ean be stored by the body only in 
limited amounts, whereas fat is a long-term energy-storage molecule 
that ean be stored in the body in large amounts. Most of the body’s 
glyeogen is in skeletal muscle and in the liver. 


Glyeolysis 

Carbohydrate metabolism begins with glyeolysis (gll-kori-sis), 
which is a series of ehemieal reaetions in the eytosol that results 
in the breakdown of glucose into two pyrnvie (pl-roo'vik) aeid 
molecules, with a net gain of two ATP molecules (figure 22.5). 
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3. NADH production 

Eaeh glyeeraldehyde-3-phosphate 
molecule is oxidized to 
1,3-bisphosphoglyeerie 
aeid, and NAD + is reduced 
to NADH. 


2 NAD + 



4. ATP and pyruvic aeid production 

Two ATP molecules and a pymvie 
aeid molecule are produced for eaeh 
1,3-bisphosphoglyeerie aeid molecule. 



* 




2 NADH 


1,3-bisphosphoglyeerie aeid 
(two molecules) 



3-phosphoglyeerie aeid 
(two molecules) 


2-phosphoglyeerie aeid 
(two molecules) 



Phosphoenolpymvie aeid 
(two molecules) 



Pymvie aeid 
(two molecules) 


Proeess Figure 22.5 ( continued) 


Glyeolysis is divided into four phases: 

1 . Input ofA TP. The first steps in glyeolysis require the input of 
energy in the form of two ATP molecules. A phosphate group is 
transferred from ATP to the glucose molecule, a proeess ealled 
phosphorylation (fos'fòr-i-la shtin), to form glucose-6- 
phosphate. The glucose-6-phosphate atoms are rearranged to 
form fructose-6-phosphate, which is then eonverted to fmetose- 
1 ,6-bisphosphate by the addition of another phosphate group 
from another ATP. 

2 . Sugar eleavage. Fructose-l,6-bisphosphate is eleaved into two 
three-earbon molecules, glyeeraldehyde (glis-er-al'dé-hld)-3- 
P h osphate and dihydroxyacetone (di'hi-drok-se-as'e-ton) 
phosphate. Dihydroxyacetone phosphate is rearranged to form 
glyeeraldehyde-3-phosphate; consequently, two molecules of 
glyeeraldehyde-3-phosphate result. 


3. NADHproduction. Eaeh glyeeraldehyde-3-phosphate molecule 
is oxidized (loses two eleetrons) to form 1,3-bisphosphoglyeerie 
(biz'phos-fo-gli'sér'ik) aeid, and nieotinamide adenine (nik-ò- 
tin'à-mld ad'é-nèn) dinucleotide (NAD + ) is reduced (gains 
two eleetrons) to NADH. Glyceraldehyde-3-phosphate also 
loses two H + , one of which binds to NAD + . 

NAD + + 2 e” + 2 H + -► NADH + H + 

NAD + is the oxidized form of nieotinamide adenine 
dinucleotide, and NADH is the reduced form. NADH is a 
earrier molecule with two high-energy eleetrons (e“) that ean be 
used to produce ATP molecules through the eleetron-transport 
ehain (see “Eleetron-Transport Chain,” p. 706). 

4. ATP andpyrnvie aeidproduction. The last four steps of 
glyeolysis produce two ATP molecules and one pyrnvie aeid 
molecule from eaeh 1,3-bisphosphoglyeerie aeid molecule. 
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The breakdown of glucose during glyeolysis yields two ATP, two 
NADH, and two pyrnvie aeid molecules. Even though four ATP 
molecules are produced, the start of glyeolysis requires the input of 
two ATP molecules, resulting in a net gain of two ATP molecules. 
The NADH and pyrnvie aeid molecules produced in glyeolysis ean 
be used in anaerobie glyeolysis or aerobie respiration. 

23 Deseribe the four phases of glyeolysis. 

24 What are the products of glyeolysis and what happens to them? 

Anaerobie Glyeolysis 

Anaerobie (an-àr-ò'bik, life without air) glyeolysis is the breakdown 
of glucose to produce two laetie (lak'tik) aeid molecules, with a net 
gain of two ATP molecules (figure 22.6). The ehemieal reaetions of 
anaerobie glyeolysis do not require oxygen, but it ean take plaee when 
oxygen is present. Even in resting eells with adequate amounts of 
oxygen, anaerobie glyeolysis produces small amounts of ATP and 
laetie aeid. Anaerobie glyeolysis ean be divided into two phases: 

1. Glyeolysis. Glucose undergoes several reaetions to produce two 
pyrnvie aeid molecules and two NADH. There is also a net gain 
of two ATP molecules. 

2. Laetie aeid formation. Pyrnvie aeid is eonverted to laetie aeid, a 
reaetion that requires the input of energy from the NADH 
produced in glyeolysis. 


Anaerobie glyeolysis provides an immediate source of energy 
for skeletal muscles and supports short-term, intense muscle aetiv- 
ity, such as occurs during weight lifting and sprinting (see “Energy 
for Muscle Contraction,” ehapter 8). The production of ATP is 
rapid because relatively few ehemieal reaetions are involved. 
Although eaeh glucose molecule only yields two ATP molecules, a 
signifieant amount of ATP ean be produced by using many glucose 
molecules. Anaerobie glyeolysis is limited by deereased availability 
of glucose from glyeogen stores and the blood and by a buildup of 
laetie aeid. 

25 Deseribe the two phases of anaerobie glyeolysis. How many ATP 
molecules are produced by anaerobie glyeolysis? 

26 What limits the ability to produce ATP through anaerobie glyeolysis? 

Aerobie Respiration 

Aerobie (àr-ò'bik) respiration is the breakdown of glucose in the pres- 
enee of oxygen to produce earbon dioxide, water, and ATP. Depending 
on the tissue, 36 or 38 ATP molecules ean theoretieally be produced 
from a glucose molecule. The actual number is less (see “Summary of 
ATP Production,” p. 707). 

Most of the ATP molecules required to sustain life are produced 
through aerobie respiration, which ean be eonsidered in four phases. The 
first phase of aerobie respiration, as in anaerobie glyeolysis, is glyeolysis. 


1. Glyeolysis eonverts glucose to 
two pyruvic aeid molecules. 
There is a net gain of two ATP 
and two NADH from glyeolysis. 


2. Anaerobie glyeolysis, which does 
not require oxygen, eonverts 
glucose to two laetie aeid 
molecules.This eonversion uses 
the two pyruvic aeid molecules 
and the NADH generated in 
glyeolysis. 


Anaerobie 

glyeolysis 


Glyeolysis 



Proeess Figure 22.6 Glyeolysis and Anaerobie Glyeolysis 
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1. Glyeolysis in the eytosol eonverts 
glucose to two pyruvic aeid molecules 
and produces two ATP and two NADH. 
The NADH ean go to the eleetron- 
transport ehain in the inner 
mitoehondrial membrane. 


2. The two pyruvic aeid molecules 

produced in glyeolysis are eonverted to 
two acetyl-CoA molecules, producing 
two C0 2 and two NADH.The NADH 
ean go to the eleetron-transport ehain. 


3. The two acetyl-CoA molecules enter the 
eitrie aeid eyele, which produces four 
C0 2 , six NADH, two FADH 2 , and two 
ATP. The NADH and FADH 2 ean go to 
the eleetron-transport ehain. 


4. The eleetron-transport ehain uses NADH 
and FADH 2 to produce 32 or 34 ATP. 
This proeess requires 0 2 , which 
eombines with H + to form H 2 0. 



Mitoehondrion 


O Glyeolysis 


Outer 

mitoehondrial 

membrane 


Inner 

mitoehondrial 

membrane 


Glucose 

(6-earbon molecule) 


Cytosol 



2 ATP 


2 NADH 



2 pymvie aeid 
(3-earbon molecules) 



2 acetyl-CoA 
(2-earbon molecules) 


2 eitrie aeid 
(6-earbon molecules) 


2 (4-earbon) 
molecules 


2 ATP 



4 CO 


t 

6 NADH 
2 FADH 2 



32 or 34 


Proeess Figure 22.7 Aerobie Respiration 

Aerobie respiration involves four phases: (1) glyeolysis, (2) acetyl-CoA formation, (3) the eitrie aeid eyele, and (4) the eleetron-transport ehain. The number of earbon 
atoms in a molecule is indieated after the molecule's name. As glucose is broken down, the earbon atoms from glucose are ineorporated into earbon dioxide. 


The remaining phases are acetyl-CoA formation, the eitrie aeid eyele, and 
the eleetron-transport ehain (figtire 22.7). 

Acetyl-CoA Formation 

In the seeond phase of aerobie respiration, pyrnvie aeid moves 
from the eytosol into a mitoehondrion, which is separated into 
inner and outer eompartments by the inner mitoehondrial mem- 
brane. Within the inner eompartment, enzymes remove a earbon 
and two oxygen atoms from the three-earbon pyrnvie aeid 
molecule to form earbon dioxide and a two-carbon aeetyl (as'e-til) 
group (figure 22.8). Energy is released in the reaetion and is used 
to reduce NAD + to NADH. The aeetyl group eombines with 
eoenzyme A (CoA) to form acetyl-CoA. For eaeh two pyrnvie aeid 
molecules from glyeolysis, two acetyl-CoA molecules, two earbon 
dioxide molecules, and two NADH are formed (see figure 22.4). 


eitrie Aeid Cycle 

The third phase of aerobie respiration is the eitrie aeid eyele, which 
is named after the six-carbon eitrie aeid molecule formed in the first 
step of the eyele (see figure 22.8). It is also ealled the Krebs eyele after 
its diseoverer, British bioehemist Sir Hans Krebs. The eitrie aeid eyele 
begins with the production of eitrie aeid from the eombination of 
acetyl-CoA and a four-carbon molecule ealled oxaloacetic (ok'sà-lò- 
à-sè'tik) aeid. A series of reaetions occurs, resulting in the formation 
of another oxaloacetic aeid, which ean start the eyele again by eom- 
bining with another acetyl-CoA. During the reaetions of the eitrie 
aeid eyele, three important events occur: 

1. ATPproduction. For eaeh eitrie aeid molecule, one ATP is formed. 

2. NADHandFADH 2 production. For eaeh eitrie aeid molecule, 
three NAD + molecules are eonverted to NADH molecules, 
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1. Pyriivie aeid is 
produced in glyeolysis. 


Pymvie aeid 


2. Acetyl-CoA formation 

In the presenee of oxygen, 
pyruvic aeid is eonverted to 
acetyl-CoA, which enters the 
eitrie aeid eyele. C0 2 and 
NADH are produced during 
acetyl-CoA formation. 




Aeetyl group 


Acetyl-CoA 


3. Oitrie aeid eyele 

Citric aeid is eonverted to 
oxaloacetic aeid through a 
series of reaetions. Oxaloacetic 
aeid ean eombine with acetyl-CoA 
to restart the eyele. In the proeess, 

1 ATP, 3 NADH, 1 FADH 2 , and 

2 C0 2 molecules are produced. 



Coenzyme A 



e/'s-aeonitie 

aeid 


Fumaric 

aeid 


a-ketoglutaric 

aeid 


Proeess Figure 22.8 Aeetyl-eoA and the eitrie Aeid eyele 

Pyruvic aeid from the eytosol is eonverted to acetyl-CoA in mitoehondria.The acetyl-CoA enters the eitrie aeid eyele. 


and one flavin (fla vin) adenine dinucleotide (FAD) molecule is 
eonverted to FADH 2 . The NADH and FADH 2 molecules are 
eleetron earriers that enter the eleetron-transport ehain and are 
used to produce ATP. 

3. Carbon dioxideprodnetion. Eaeh six-carbon eitrie aeid molecule at 
the start of the eyele beeomes a four-carbon oxaloacetic aeid 


molecule at the end of the eyele. Two earbon and four oxygen 
atoms from the eitrie aeid molecule are used to form two earbon 
dioxide molecules. Thus, some of the earbon and oxygen atoms 
that make up food molecules, such as glucose, are evenmally 
eliminated from the body as earbon dioxide. Humans literally 
breathe out part of the food they eat. 
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For eaeh glucose molecule that begins aerobie respiration, two 
pyruvic aeid molecules are produced in glyeolysis, and they are eon- 
verted into two acetyl-CoA molecules, which enter the eitrie aeid 
eyele. To determine the number of molecules produced from glucose 
by the eitrie aeid eyele, two a turns” of the eyele must be counted; the 
results are two ATP, six NADH, two FADH 2 , and four earbon diox- 
ide molecules (see figure 22.4). 

Eleetron-Transport ehain 

The fourth phase of aerobie respiration involves the eleetron- 
transport ehain (figure 22.9), which is a series of eleetron earriers 
in the inner mitoehondrial membrane. Eleetrons are transferred 
from NADH and FADH 2 to the eleetron-transport earriers, and 
H + are released from NADH and FADH 2 . After the loss of the 
eleetrons and the H + , the oxidized NAD + and FAD are reused to 
transport additional eleetrons from the eitrie aeid eyele to the 
eleetron-transport ehain. 

The eleetrons released from NADH and FADH 2 pass from one 
eleetron earrier to the next through a series of oxidation—reduction 
reaetions. Three of the eleetron earriers also fimetion as proton 


pumps, which move the H + from the inner mitoehondrial eompart- 
ment into the outer mitoehondrial eompartment. Eaeh proton 
pump aeeepts an eleetron, uses some of the eleetron’s energy to 
export a H + , and passes the eleetron to the next eleetron earrier. The 
last eleetron earrier in the series eolleets the eleetrons and eombines 
them with oxygen and H + to form water. 

1/2 O 2 + 2 H + + 2 e” H 2 O 

Without oxygen to aeeept the eleetrons, the reaetions of the 
eleetron-transport ehain eease, effeetively stopping aerobie respiration. 

The H + released from NADH and FADH 2 are moved from the 
inner mitoehondrial eompartment to the outer mitoehondrial eom- 
partment by aetive transport. As a result, the eoneentration of H + in 
the outer eompartment exceeds that of the inner eompartment, and 
H + diffuse baek into the inner eompartment. The H + pass through 
eertain ehannels formed by an enzyme ealled ATP synthase. As the 
H + diffuse down their eoneentration gradient, they lose energy that 
is used to produce ATP. This proeess is ealled the ehemiosmotie 
(kem-è-os-mot'ik) model because the ehemieal formation of ATP is 
coupled to a diffiasion foree similar to osmosis. 



2 w 2 


1.NADHorFADH 2 
transfer their 
eleetrons to the 
eleetron-transport 
ehain. 


2. As the eleetrons move through 
the eleetron-transport ehain, 
some of their energy is used to 
pump H + into the outer 
eompartment, resulting in a 
higher eoneentration of H + in 
the outer than in the inner 
eompartment. 


3. The H + diffuse baek into the inner 
eompartment through speeial 
ehannels (ATP synthase) that couple 
the H + movement with the production 
of ATP. The eleetrons, H + , and 0 2 
eombine to form H 2 0. 


4. ATP is transported out of the 
inner eompartment by a 
earrier protein that 
exchanges ATP for ADP. 

A different earrier protein 
moves phosphate into the 
inner eompartment. 


Proeess Figure 22.9 Eleetron-Transport ehain 

The eleetron-transport ehain in the mitoehondrial inner membrane eonsists of four protein complexes ( purple; numbered I to IV) with earrier proteins. 
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Table 22.4 


Theoretieal atp Prodiietion 
from One Glucose Molecule 


Proeess 

Product 

Total ATP Produced* 

Glyeolysis 

4 ATP 

2 ATP (4 ATP produced 

minus 2 ATP 
to start) 


2NADH 

4 ATP (or 6 ATP; 

see text) 

Acetyl-CoA 

production 

2NADH 

6 ATP 

Citric aeid eyele 

2 ATP 

2 ATP 


6 NADH 

18 ATP 


2 FADH 2 

4 ATP 

Total 


36 ATP (or 38 ATP) 




*NADH and FADH 2 are used in the production of ATP in the eleetron-transport ehain. 
Abbreviations: ATP = adenosine triphosphate; NADH = reduced nieotinamide adenine 
dinucleotide; FADH 2 = reduced flavin adenine diphosphate; acetyl-CoA = aeetyl eoenzyme A. 


27 Define aerobie respiration, and list its products. Deseribe the four 
phases of aerobie respiration. 

28 Why is the eitrie aeid eyele a eyele? What molecules are produced as a 
result of the eitrie aeid eyele? 

29 What is the function of the eleetron-transport ehain? Deseribe the 
ehemiosmotie model of ATP production. 


Prediet 



Many poisons function by bloeking eertain steps in the metabolie pathvvays. 
For example, eyanide bloeks the last step in the eleetron-transport ehain. 
Explain why this bloekage causes death. 


Summary of ATP Production 

Depending on the tissue, aerobie respiration produces from eaeh 
glucose molecule a theoretieal net gain of 36 or 38 ATP molecules: 2 
from glyeolysis, 2 from the eitrie aeid eyele, and 32 or 34 from the 
NADH molecules and FADH 2 molecules that pass through the 
eleetron-transport ehain (table 22.4). The eleetron ehain theoretieally 
produces three ATP molecules from eaeh NADH molecule and two 
ATP molecules from eaeh FADH 2 molecule. 

The number of ATP molecules produced from eaeh glucose 
molecule ean theoretieally be 36 or 38 ATP molecules depending 
on how eleetrons from the two NADH molecules produced by 
glyeolysis in the eytosol are transported aeross the inner mito- 
ehondrial membrane. These NADH donate their eleetrons to a 
shuttle molecule, which earries the eleetrons to the eleetron- 
transport ehain. Depending on the shuttle molecule, eaeh glyeo- 
lytie NADH molecule ean produce 2 or 3 ATP molecules. In 
skeletal muscle and the brain, 2 ATP molecules are produced for 
eaeh NADH molecule shuttled into the mitoehondria, resulting 
in a total number of 36 ATP molecules; however, in the liver, 
kidneys, and heart, 3 ATP molecules are produced for eaeh 
NADH molecule shuttled into the mitoehondria, and the total 
number of ATP molecules formed is 38. 


Six earbon dioxide molecules are produced in aerobie respiration. 
Water molecules are reaetants in some of the ehemieal reaetions of 
aerobie respiration and products in others. Six water molecules are 
used, but 12 are formed, for a net gain of 6 water molecules. Thus, 
aerobie respiration ean be summarized as follows: 

+ 6 O 2 + 6 H 2 O + 36 (38) ADP + 36 (38) P; 

6 C0 2 + 12 H 2 0 + 36 (38) ATP 

The theoretieal number of 36 or 38 ATP molecules assumes that 
eaeh NADH produces 3 ATP molecules and eaeh FADH 2 produces 
2 ATP molecules. In reality, ATP production is not this effieient 
because it eost energy to get ADP and phosphates into the mitoehon- 
dria and to get ATP out. Thus, eaeh NADH produces about 2.3 ATP 
molecules and eaeh FADH 2 produces about 1.5 ATP molecules. The 
actual energy yield from one glucose molecule is approximately 30 
or 32 ATP molecules. 

30 In aerobie respiration, how many ATP molecules are theoretieally 
produced from one molecule of glucose through glyeolysis, the eitrie 
aeid eyele, and the eleetron-transport ehain? 

31 Why is the total number of ATP produced in aerobie respiration listed 
as 36 or 38? Why is the actual number eloser to 30 or 32? 


22.4 Lipid Metabolism apir 

Lipids are the body’s main energy-storage molecules. In a healthy 
person, lipids are responsible for about 99% of the body’s energy 
storage, and glyeogen accounts for about 1%. Although proteins are 
used as an energy source, they are not eonsidered storage molecules 
because the breakdown of proteins normally involves the loss of 
molecules that perform other ffinetions. 

Lipids are stored primarily as triglyeerides in adipose tissue. There 
is eonstant synthesis and breakdown of triglyeerides; thus, the fat pres- 
ent in adipose tissue today is not the same fat that was there a few weeks 
ago. In lipolysis, triglyeerides are broken down into glyeerol and fatty 
aeids. Glyeerol ean enter glyeolysis and be used as a source of energy (see 
figure 22.10). However, almost 95% of the energy in triglyeerides is in 
the fatty aeids. Adipose tissue ean release fatty aeids into the blood, 
where they are ealled free fatty aeids. Other tissues, espeeially skeletal 
muscle and the liver, use the free fatty aeids as a source of energy. 

The metabolism of fatty aeids occurs by beta-oxidation, a series of 
reaetions in which two earbon atoms at a time are removed from the end 
of a fatty aeid ehain to form acetyl-CoA. The proeess of beta-oxidation 
continues to remove two earbon atoms at a time until the entire fatty 
aeid ehain is eonverted into acetyl-CoA molecules. Acetyl-CoA ean 
enter the eitrie aeid eyele and be used to generate ATP (figure 22.10). 

Acetyl-CoA is also used in ketogenesis (kè-tò-jen'é-sis), the 
formation of ketone bodies. In the liver, when large amounts of 
acetyl-CoA are produced, not all of the acetyl-CoA enters the eitrie 
aeid eyele. Instead, two acetyl-CoA molecules eombine to form a 
molecule of aeetoaeetie (as'e-tò-a-sè'tik) aeid, which is eonverted 
mainly into (3-hydroxybutyric (hl-dròk'sè-bu-tir'ik) aeid and a smaller 
amount of aeetone (as'e-tòn). Aeetoaeetie aeid, (3-hydroxybutyric aeid, 
and aeetone are ealled ketone (kè'tòn) bodies; they are released into 
the blood, where they travel to other tissues, espeeially skeletal mus- 
ele. In these tissues, the ketone bodies are eonverted baek into aeetyl- 
CoA, which enters the eitrie aeid eyele to produce ATP. 
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Triglyeerides 






ATP, NADH, FADH 2 


Figlire 22.10 Lipid Metabolism 

Triglyeerides are broken down into glyeerol and fatty aeids. Glyeerol enters 
glyeolysis to produce ATP and eleetron earriers (NADH and FADH 2 ).The fatty 
aeids are broken down by beta-oxidation into acetyl-CoA, which enters the 
eitrie aeid eyele to produce ATP. Acetyl-CoA ean also be used to produce ketone 
bodies (ketogenesis). Lipogenesis is the production of lipids. Glucose is 
eonverted to glyeerol, and amino aeids are eonverted to acetyl-CoA molecules. 
Acetyl-CoA molecules ean eombine to form fatty aeids. Glyeerol and fatty aeids 
join to form triglyeerides. 



The Danger of Excessive Amounts 
of Ketones 


Small amounts of ketone bodies in the blood are normal and benefì- 
eial. An excessive production of ketone bodies is ealled ketosis 
(ké-tó'sis). Ifthe inereased number of aeidie ketone bodies exceeds 
the eapaeity of the body's buffering systems, aeidosis, a deerease in 
blood pH, ean occur (see ehapter 23). Conditions that inerease fat 
metabolism ean inerease the rate of ketone body formation. 
Examples are starvation, diets eonsisting of proteins and fats with 
few earbohydrates, and untreated diabetes mellitus (see ehapter 15). 
Ketone bodies are excreted by the kidneys and diffuse into the 
alveoli of the lungs. Ketone bodies in the urine and "aeetone breath" 
are eharaeteristie of untreated diabetes mellitus. 


32 Define beto-oxidotion , and explain how it results in ATP production. 

33 What are ketone bodies, how are they produced, and for what are 
they used? 


22.5 Protein Metabolism 

Onee absorbed into the body, amino aeids are quickly taken up by 
eells, espeeially in the liver. Amino aeids are used to synthesize needed 
proteins (see ehapter 3) or as a source of energy (figure 22.11). Unlike 
glyeogen and triglyeerides, amino aeids are not stored in the body. 

The synthesis of nonessential amino aeids usually begins with keto 
aeids (figure 22.12). A keto aeid ean be eonverted into an amino aeid 
by replaeing its oxygen with an amine group. Usually, this eonversion 
is aeeomplished by transferring an amine group from an amino aeid to 
the keto aeid, a reaetion ealled transamination (trans-am'i-nà'shirn). 
For example, a-ketoglutaric aeid (a keto aeid) reaets with an amino 
aeid to form glutamic aeid (an amino aeid, figure 22.13T). Most amino 
aeids ean undergo transamination to produce glutamic aeid. The glu- 
tamie aeid is used as a source of an amine group to construct most of 
the nonessential amino aeids. A few nonessential amino aeids are 
formed by other ehemieal reaetions from the essential amino aeids. 

Amino aeids ean be used as a source of energy. In oxidative 
deamination (dè-am-i-na shun) or deaminization (dè-am' i-nizà' shiin), 
an amine group is removed from an amino aeid (usually glutamic 
aeid), leaving ammonia and a keto aeid (figure 22.13^). In the 
proeess, NAD + is reduced to NADH, which ean enter the eleetron- 
transport ehain to produce ATP. Ammonia is toxic to eells. An 
accumulation of ammonia to toxic levels is prevented because the 
liver eonverts it into urea, which is earried by the blood to the kid- 
neys, where the urea is eliminated (figure 22.13c). 

Amino aeids are also used as a source of energy by eonverting 
them into the intermediate molecules of earbohydrate metabolism 
(see figure 22.11). These molecules are then metabolized to yield 
ATP. The eonversion of an amino aeid often begins with a transami- 
nation or oxidative deamination reaetion, in which the amino aeid is 
eonverted into a keto aeid (see figure 22.13). The keto aeid enters the 
eitrie aeid eyele or is eonverted into pyrnvie aeid or acetyl-CoA. 

34 What is aeeomplished by transamination and oxidative deamination? 

35 How are proteins (amino aeids) used to produce energy? 


22.6 intereonversion of 

Nutrient Molecules 

Blood glucose enters most eells by faeilitated diffusion and is imme- 
diately eonverted to glucose-6-phosphate, which eannot reeross the 
plasma membrane (figure 22.14T). Glucose-6-phosphate then 
continues through glyeolysis to produce ATP. If, however, excess 
glucose is present (e.g., after a meal), it is used to form glyeogen 
through a proeess ealled glyeogenesis (gll-kò-jen'é-sis). Most of the 
body’s glyeogen is eontained in skeletal muscle and the liver. 

Onee glyeogen stores, which are quite limited, are filled, glucose 
and amino aeids are used to synthesize lipids, a proeess ealled lipo- 
genesis (lip-ò-jen'é-sis) (see figure 22.10). Glucose molecules ean be 
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lsoleucine, 

leucine, 

tryptophan 



Alanine, eysteine 
glyeine, serine, 
threonine 



Aeetoaeetyl- 

CoA 



Phenylalanine, 
tyrosine, leucine, 
lysine, tryptophan 


Arginine, 
histidine, glutamine 

proline 


lsoleucine, 
methionine, 
valine 


Figlire 22.11 AminoAeid Metabolism 

Amino aeids (tan ovals ) ean enter into earbohydrate metabolism at various points. 


NH 2 

R-C-COOH 

H 


O 

R-C-COOH 


(a) Amino aeid (b) Keto aeid 

Figlire 22.12 General Formulas of an Amino Aeid and 

a Keto Aeid 

(o) Amino aeid with a carboxyl group (—COOH), an amine group (NH 2 ), a 
hydrogen atom (H), and a group ealled "R," which represents the rest of the 
molecule. (b) Keto aeid with a double-bonded oxygen replaeing the amine 
group and the hydrogen atom of the amino aeid. 


Aleoholism and eirrhosis of the Liver 

Enzymes in the liver eonvert ethanol (beverage aleohol) into 
acetyl-CoA; in the proeess, two NADH molecules are produced.The 
NADH molecules enterthe eleetron-transport ehain and are used to 
produce ATP molecules. Eaeh gram of ethanol provides 7 keal of 
energy.The high level of NADH in the eell resulting from the metab- 
olism of ethanol inhibits the production of NADH by glyeolysis and 
by the eitrie aeid eyele. Consequently, sugars and amino aeids are 
not broken down but are eonverted into fats, which accumulate in 
the liver. Chronic aleohol abuse ean, therefore, result in eirrhosis 
(sir-rò'sis) of the liver, which involves fat deposition, eell death, 
inflammation, and sear tissue formation. Death ean occur because 
the liver is unable to earry out its normal functions. 


used to form glyeeraldehyde-3-phosphate and acetyl-CoA. Amino 
aeids ean also be eonverted to acetyl-CoA. Glyceraldehyde-3- 
phosphate is eonverted to glyeerol, and the two-carbon acetyl-CoA 
molecules are joined together to form fatty aeid ehains. Glyeerol and 
three fatty aeids then eombine to form triglyeerides. 


When glucose is needed, glyeogen ean be broken down into 
glucose-6-phosphate through a set of reaetions ealled glyeoge- 
nolysis (gh'kó-jé-nori-sis) (figure 22.14^). In skeletal muscle, 
glucose-6-phosphate continues through glyeolysis to produce ATP. 
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nh 2 

0 

0 
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|| Enzymes 


CH COOH + HOOC 

CH 2 CH 2 C COOH <_ 

R, C COOH + HOOC 

CH 2 CH 2 CH COOH 

Amino aeid 

a-ketoglutaric aeid 

a-keto aeid 
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(a) Transamination 


NH 2 

HOOC — CH 2 —CH 2 —CH — COOH + H 2 0 

Glutamic aeid 


Enzymes 



NAD + NADH 


OH 

HOOC—CH 2 —CH 2 —C—COOH + NH 3 

a-ketoglutaric aeid Ammonia 


(b) Oxidative deamination 


2 NH 3 + 

C\J 

o 

o 

Enzymes 

nh 2 

/ 

C 0 + 

x nh 2 

H 2 0 


Ammonia 

Carbon dioxide 


Urea 

Water 


(e) Oonversion of ammonia to urea 

Figiire 22.13 Amino Aeid Reaetions 

[a) Transamination reaetion in which an amine group is transferred from an amino aeid to a keto aeid to form a different amino aeid. ( b ) Oxidative deamination 
reaetion in which an amino aeid loses an amine group to beeome a keto aeid and to form ammonia. In the proeess, NADH, which ean be used to generate ATP, is 
formed. (e) Ammonia is eonverted to urea in the liver. (The actual eonversion of ammonia to urea is more complex, involving a number of intermediate reaetions that 
constitute the urea eyele.) 


High blood glucose 


Low blood glucose 


Blood _ 
glucose 


ATP ADP 


Glucose 


V 


Glucose-6-phosphate 



Energy 



Glyeogen 
(energy storage) 



Glucose-6-phosphate 


Amino 

aeids, 

glyeerol 






(a) When blood glucose levels are high, glucose enters 

the eell and is phosphorylated to form glucose-6-phosphate, 
which ean enter glyeolysis or glyeogenesis. 


Figure 22.14 intereonversion of Niitrient Molecules 


(b) When blood glucose levels drop, glucose-6-phosphate ean be 
produced through glyeogenolysis or gluconeogenesis. 
Glucose-6-phosphate ean enter glyeolysis, or in the liver, the phosphate 
group ean be removed and glucose released into the blood. 


The liver ean use glucose-6-phosphate for energy or ean eonvert it to 
glucose, which diffuses into the blood. The liver ean release glucose, 
but skeletal muscle eannot because it laeks the neeessary enzymes to 
eonvert glucose-6-phosphate into glucose. 

The release of glucose from the liver is neeessary to maintain 
blood glucose levels between meals. Maintaining these levels is espe- 


eially important to the brain, which normally uses only glucose for 
an energy source and consumes about two-thirds of the total glucose 
used eaeh day. When liver glyeogen levels are inadequate to supply 
glucose, it is synthesized from molecules other than earbohydrates, 
such as amino aeids from proteins and glyeerol from triglyeerides, 
in a proeess ealled gluconeogenesis (gloo'kò-né-ò-jen'é-sis). Most 
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amino aeids ean be eonverted into eitrie aeid eyele moleeiiles, aeetyl- 
CoA, or pyruvic aeid (see figure 22.11). Tfirough a series of ehemieal 
reaetions, these molecules are eonverted into glucose. Glyeerol enters 
glyeolysis by beeoming glyeeraldehyde-3-phosphate (see figure 22.10). 

36 Define glyeogenesis, lipogenesis, glyeogenolysis, and gluconeogenesis. 

22.7 Metabolie States 

The absorptive and postabsorptive states are the two major metabolie 
states of the body. The regulation of these states is discussed in ehapter 
13 (see “Hormonal Regulation of Nutrients” p. 436). The absorptive 
state is the period immediately after a meal when nutrients are being 
absorbed through the intestinal wall into the circulatory and lym- 
phatie systems (figure 22.15). The absorptive state usually lasts about 
4 hours after eaeh meal, and the eells use most of the glucose that 
enters the circulation for the energy they require. The remainder of 
the glucose is eonverted into glyeogen or fats. Most of the absorbed 
fats are deposited in adipose tissue. Many of the absorbed amino aeids 
are used by eells in protein synthesis, some are used for energy, and 
others enter the liver and are eonverted into fats or earbohydrates. 

The postabsorptive state occurs late in the morning, late in the 
afternoon, or during the night after eaeh absorptive state is concluded. 


It is vital to the body’s homeostasis that normal blood glucose levels 
be maintained, espeeially for normal fimetioning of the brain. During 
the postabsorptive state, blood glucose levels are maintained by the 
eonversion of other molecules to glucose (figure 22.16). The first 
source of blood glucose during the postabsorptive state is the glyeogen 
stored in the liver. This glyeogen supply, however, ean provide glucose 
for only about 4 hours. The glyeogen stored in skeletal muscles ean 
also be used during times of vigorous exercise. As glyeogen stores are 
depleted, fats are used as an energy source. The glyeerol from triglye- 
erides ean be eonverted to glucose. The fatty aeids from fat ean be 
eonverted to acetyl-CoA, moved into the eitrie aeid eyele, and used as 
a source of energy to produce ATP. In the liver, acetyl-CoA is used to 
produce ketone bodies, which other tissues use for energy. The use of 
fatty aeids as an energy source partly eliminates the need to use glu- 
eose for energy, resulting in reduced glucose removal from the blood 
and the maintenanee of blood glucose levels at homeostatie levels. 
Proteins ean also be used as a source of glucose or ean be used for 
energy production, again sparing the use of blood glucose. 

37 What happens to glucose, fats, and amino aeids during the 
absorptive state? 

38 Why is it important to maintain blood glucose levels during the 
postabsorptive state? Name three sources of this glucose. 


Nutrients Absorbed 

Nutrients are absorbed from the 
digestive traet and earried by the blood 
to the liver. 


Amino aeids 


Triglyeerides 


Glucose 


Nutrients Proeessed 

The liver eonverts nutrients into 
energy-storage molecules, such as 
glyeogen, fatty aeids, and 
triglyeerides. Amino aeids are also 
used to synthesize proteins, such as 
plasma proteins. Fatty aeids and 
triglyeerides produced by the liver are 
released into the blood. Nutrients not 
proeessed by the liver are also earried 
by the blood to tissues. 
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Nutrients Stored and Used 

Nutrients are stored in adipose tissue 
as triglyeerides and in muscle as 
glyeogen. Nutrients also are a source 
of energy for tissues. Amino aeids 
are used to synthesize proteins. 


Y 

Amino aeids 


Ý 

Glucose 




Glucose 


Fatty aeids Glucose Fatty aeids 


Ý 

Glucose 


Ý 

Proteins 


Ý 


Glyeerol 


Glyeogen 


Muscle 


Triglyeerides 

Adipose 

tissue 


Energy 


Ý 


Most tissues 

(including muscle and 
adipose) 


Energy 

Nervous 

tissue 


Figlire 22.15 Events of the Absorptive State 

Absorbed molecules, espeeially glucose, are used as sources of energy. Molecules not immediately needed for energy are stored: Glucose is eonverted to glyeogen or 
triglyeerides, triglyeerides are deposited in adipose tissue, and amino aeids are eonverted to triglyeerides or earbohydrates. 
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Stored Nutrients llsed 

Stored energy molecules are used 
as sources of energy: Glyeogen is 
eonverted to glucose, and 
triglyeerides are eonverted to fatty 
aeids. Molecules released from 
tissues are earried by the blood 
to the liver. 
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Nutrients Proeessed 

The liver proeesses molecules to 
produce additional energy sources: 
Glyeogen and amino aeids are 
eonverted to glucose, and some of the 
fatty aeids are eonverted to ketones. 
Glucose and ketones are released into 
the blood and transported to tissues. 
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Figlire 22.16 Events of the Postabsorptive State 

Stored energy molecules are used as sources of energy: Glyeogen is eonverted to glucose; triglyeerides are broken down to fatty aeids, some of which are eonverted to 
ketones; and proteins are eonverted to glucose. 


22.8 Metabolie Rate 

Metabolie rate is the total amount of energy produced and used by 
the body per unit of time. A molecule of ATP exists for less than 
1 minute before it is degraded baek to ADP and inorganie phosphate. 
For this reason, ATP is produced in eells at about the same rate as it is 
used. Thus, in examining metabolie rate, ATP production and use ean 
be roughly equated. Metabolie rate is usually estimated by measuring 
the amount of oxygen used per minute because most ATP production 
involves the use of oxygen. One liter of oxygen consumed by the body 
is assumed to produce 4.825 keal of energy. 

The daily input of energy should equal the metabolie expenditure of 
energy; othenvise, a person will gain or lose weight. For a typieal 23-year- 
old, 70 kg (154-pound) male to maintain his weight, the daily input 
should be 2700 keal/day; for a typieal 58 kg (128-pound) female of the 
same age, 2000 keal/day is neeessary. A pound of body fat provides about 
3500 keal. Reducing kiloealorie intake by 500 keal/day ean result in the 
loss of 1 pound of fat per week. Clearly, adjusting kiloealorie input is an 
important way to eontrol body weight. 



Proportion of Fat in the Diet and 
Body weight 

Not only the number of kiloealories ingested but also the proportion 
of fat in the diet has an effeet on body weight.To eonvert dietary fat 
into body fat, 3% of the energy in the dietary fat is used, leaving 97% 
for storage as fat deposits. On the other hand, the eonversion of 
dietary earbohydrate to fat requires 23% of the energy in the earbo- 


hydrate, leaving just 77% as body fat. If two people have the same 
kiloealorie intake, the one with the higher proportion of fat in his or 
her diet is more likely to gain weight because fewer kiloealories are 
used to eonvert the dietary fat into body fat. 

Metabolie energy is used in three ways: for basal metabolism, for 
the thermie effeet of food, and for muscular aetivity. 

Basal Metabolie Rate 

The basal metabolie rate (BMR) is the energy needed to keep 
the resting body ffmetional. It is the metabolie rate calculated in 
expended kiloealories per square meter of body surface area per hour. 
BMR is determined by measuring the oxygen consumption of a per- 
son who is awake but restffil and has not eaten for 12 hours. The 
liters of oxygen consumed are then multiplied by 4.825 because eaeh 
liter of oxygen used results in the production of 4.825 keal of energy. 
A typieal BMR for a 70 kg (154-pound) male is 38 kcal/m 2 /h. 

In the average person, basal metabolism accounts for about 60% of 
energy expenditure. Basal metabolism supports aetive-transport meeha- 
nisms, muscle tone, maintenanee of body temperamre, beating of the 
heart, and other aetivities. A number of faetors ean affeet the BMR. 
Muscle tissue is metabolieally more aetive than adipose tissue, even at 
rest. Younger people have a higher BMR than older people because of 
inereased eell aetivity, espeeially during growth. Fever ean inerease BMR 
7% for eaeh degree Fahrenheit inerease in body temperature. During 
dieting or fasting, greatly reduced kiloealorie input ean depress BMR, 
which apparently is a proteetive meehanism to prevent weight loss. 
Thyroid hormones ean inerease BMR on a long-term basis, and 
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epinephrine ean inerease BMR on a short-term basis. Males have a greater 
BMR than females because men have proportionately more muscle tissue 
and less adipose tissue than women do. During pregnaney, a womans 
BMR ean inerease 20% because of the metabolie aetivity of the fetus. 

Thermie Effeet of Food 

The seeond eomponent of metabolie energy is the assimilation of 
food. When food is ingested, the aeeessory digestive organs and the 
intestinal lining produce seeretions, the motility of the digestive traet 
inereases, aetive transport inereases, and the liver is involved in the 
synthesis of new molecules. The energy eost of these events is ealled 
the thermie effeet of food, and it accounts for about 10% of the 
body’s energy expenditure. 


Miiseiilar Aetivity 

Muscular aetivity consumes about 30% of the body’s energy. Physieal 
aetivity resulting from skeletal muscle movement requires the expen- 
diture of energy. In addition, energy must be provided for the 
inereased eontraetion of the heart and muscles of respiration. The 
number of kiloealories used in an aetivity depends almost entirely on 
the amount of muscular work performed and on the duration of the 
aetivity. Despite the faet that studying ean make a person feel tired, 
intense mental eoneentration produces little ehange in BMR. 

Energy loss through muscular aetivity is the only eomponent of 
energy expenditure that a person ean reasonably eontrol. A eompari- 
son of the number of kiloealories gained from food versus the num- 
ber of kiloealories lost in exercise reveals why losing weight ean be 
difhcult. For example, if brisk walking uses 223 keal/h, it takes 20 
minutes of brisk walking to burn off the 73 keal in one sliee of bread 
(75/225 — 0.33 h). Researeh suggests that a eombination of appro- 
priate physieal aetivity and appropriate kiloealorie intake is the best 
approaeh to maintaining a healthy body eomposition and weight. 


Prediet 



lf vvatehing TV uses 95 keal/h, how long does it take to burn off the kiloealories 
in one eola or beer (see table 22.1)? If jogging at a paee of 6 mph uses 580 
keal/h, how long does it take to use the kiloealories in one eola or beer? 


39 Defin e metobolie rote. 

40 What is BMR? What faetors ean alter BMR? 

41 What is the thermie effeet of food? 

42 BMR, the thermie effeet of food, and muscular aetivity eaeh accounts 
for what pereent of total energy expenditure? 

43 How are kiloealorie input and output adjusted to maintain body 
weight? 


22.9 Body Temperature 

Regulation 

Humans ean maintain a relatively eonstant internal body temperature 
despite ehanges in the temperature of the surrounding environment. 
The maintenanee of a eonstant body temperature is very important to 
homeostasis. Most enzymes are very temperature-sensitive, function- 
ing only in narrow temperature ranges. Environmental temperatures 


are too low for normal enzyme function, and the heat produced by 
metabolism helps maintain body temperature at a steady, elevated 
level that is high enough for normal enzyme function. 

Free energy is the total amount of energy liberated by the eom- 
plete eatabolism of food. It is usually expressed in terms of kiloealo- 
ries (keal) per mole of food consumed. For example, the eomplete 
eatabolism of 1 mole of glucose (168 g, see appendix C) releases 686 
keal of free energy. About 43% of the total energy released by eatab- 
olism is used to produce ATP and to aeeomplish biologieal work, 
such as anabolism, muscular eontraetion, and other cellular aetivi- 
ties. The remaining energy is lost as heat. 


Prediet 



Explain why we beeome warm during exercise and why we shiver when it is eold. 


The average normal body temperature usually is eonsidered to 
be 37°C (98.6°F) when measured orally and 37.6°C (99.7°F) when 
measured reetally. Reetal temperamre eomes eloser to the true eore 
body temperature, but an oral temperamre is more easily obtained 
in older ehildren and adults and therefore is the preferred measure. 

Heat ean be exchanged with the environment in a number of 
ways (figure 22.17). Radiation is the gain or loss of heat as infrared 
radiation between two objeets that are not in physieal eontaet. For 
example, the eoals in a fire give off radiant heat, which ean be felt 
some distanee away from the fire. Conduction is the exchange of 
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Figlire 22.17 Heat Exchange 

Heat exchange between a person and the environment occurs by eonveetion, 
radiation, evaporation, and conduction. Arrovvs show the direetion of net heat 
gain or loss in this environment. 
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eiinieal 



Relevanee 


Starvation 

Starvation results from the inade- 
quate intake of nutrients or the inability to 
metabolize or absorb nutrients. It has a num- 
ber of causes, such as prolonged fasting, 
anorexia, deprivation, and disease. No mat- 
ter what the cause, starvation follows the 
same course and eonsists of three phases. 
The events of the fìrst two phases occur even 
during relatively short periods of fasting or 
dieting, but the third phase occurs only in 
prolonged starvation and ean end in death. 

During the fìrst phase of starvation, 
blood glucose levels are maintained through 
the production of glucose from glyeogen, 
proteins, and fats. At fìrst, glyeogen is broken 
down into glucose; however, only enough 
glyeogen is stored in the liver to last a few 
hours. Thereafter, blood glucose levels are 
maintained by the breakdown of proteins 
and fats. Fats are deeomposed into fatty aeids 
and glyeerol. Fatty aeids ean be used as a 
source of energy, espeeially by skeletal mus- 
ele, thus deereasing the use of glucose by tis- 
sues other than the brain. Glyeerol ean be 
used to make a small amount of glucose, but 
most of the glucose is formed from the amino 
aeids of proteins. In addition, some amino 
aeids ean be used direetly for energy. 

In the seeond phase, which ean last for 
several weeks, fats are the primary energy 
source.The liver metabolizes fatty aeids into 
ketone bodies, which ean be used as a 
source of energy. After about a week of fast- 
ing, the brain begins to use ketone bodies, 
as well as glucose, for energy. This usage 
deereases the demand for glucose, and the 
rate of protein breakdown diminishes but 


Starvation and Obesity 

does not stop. In addition, the proteins not 
essential for survival are used first. 

The third phase of starvation begins 
when the fat reserves are depleted and a 
switch to proteins as the major energy 
source takes plaee. Muscles, the largest 
source of protein in the body, are rapidly 
depleted. At the end of this phase, proteins 
essential for cellular functions are broken 
down, and eell function degenerates. 

In addition to weight loss, the symptoms 
of starvation include apathy, listlessness, 
withdrawal, and inereased susceptibility to 
infectious disease. Few people die direetly 
from starvation because they usually die of 
an infectious disease fìrst. Other signs of star- 
vation include ehanges in hair eolor, flaky 
skin, and massive edema in the abdomen 
and lower limbs, causing the abdomen to 
appear bloated. 

During starvation, the body's ability to 
consume normal volumes of food also 
deereases. Foods high in bulk but low in pro- 
tein eontent often eannot reverse the pro- 
eess of starvation. Intervention involves 
feeding the starving person low-bulk food 
that provides ample proteins and kiloealo- 
ries and is fortifìed with vitamins and miner- 
als. Starvation also results in dehydration, 
and rehydration is an important part of inter- 
vention. Even with intervention, a vietim 
may be so affeeted by disease or weakness 
that he or she eannot reeover. 

Obesity 

Obesity is the presenee of excess body fat, 
resulting from the ingestion of more food 
than is neeessary for the body's energy 


needs. Obesity ean be defined on the basis 
of body weight, body mass index, or per- 
eent body fat. "Desirable body weight" is 
listed in the Metropolitan Life lnsurance 
Table (1983) and indieates, for any height, 
the weight that is assoeiated with a maxi- 
mum life span. Being overweight is defined 
as weighing 10% to 20% more than the 
"desirable weight," and being obese is 
defined as weighing 20% or more than the 
"desirable weight." Body mass index (BMI) 
ean be calculated by dividing a person's 
weight (Wt) in kilograms by the square of his 
or her height (Ht) in meters: BMI = Wt/Ht 2 . 
A BMI greater than 25 is overweight, and a 
value of 30 or greater is defined as obese. 
About 10% of people in the Llnited States 
have a BMI of 30 or greater. In terms of the 
pereent of the total body weight eontrib- 
uted by fat, 15% body fat or less in men and 
25% body fat or less in women is assoeiated 
with reduced health risks. Obesity is defìned 
to be more than 25% body fat in men and 
30%-35% in women. 

Obesity is elassified aeeording to the 
number and size of fat eells. The greater 
theamount of lipids stored in the fat eells, 
the larger their size. In hyperplastie obe- 
sity, a greater-than-normal number of fat 
eells occurs, and they are larger than normal. 
This type of obesity, which is assoeiated with 
massive obesity, begins at an early age. In 
nonobese ehildren, the number of fat eells 
triples or quadruples between birth and 
2 years of age and then remains relatively 
stable until puberty, when a further inerease 
in the number occurs. In obese ehildren, 
however, between 2 years of age and 


heat between objeets in direet eontaet with eaeh other, such as the 
bottoms of the feet and the floor. Convection is a transfer of heat 
between the body and the air or water. A eool breeze results in the 
movement of air over the body and loss of heat from the body. 
Evaporation is the eonversion of water from a liquid to a gas, a pro- 
eess that requires heat. The evaporation of 1 g of water from the 
body’s surface results in the loss of 580 eal of heat. 

Body temperature is maintained by balaneing heat gain with 
heat loss. When heat gain equals heat loss, body temperature is 
maintained. If heat gain exceeds heat loss, body temperature 
inereases; if heat loss exceeds heat gain, body temperature 


deereases. Heat gain occurs through metabolism and the muscu- 
lar eontraetions of shivering, whereas heat loss occurs through 
evaporation. Heat gain or loss ean occur by radiation, conduc- 
tion, or eonveetion, depending on skin temperature and the 
environmental temperature. If the skin temperature is lower than 
the environmental temperature, heat is gained; however, if skin 
temperamre is higher than the environmental temperature, heat 
is lost. 

The differenee in temperature between the body and the envi- 
ronment determines the amount of heat exchanged between the 
environment and the body. The greater the temperamre differenee, 
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puberty, an inerease also occurs in the num- 
ber of fat eells. 

Hypertrophie obesity results from a 
normal number of fat eells that have 
inereased in size.This type of obesity is more 
eommon, is assoeiated with moderate obe- 
sity or being "overweight," and typieally 
develops in adults. People who were thin or 
of average weight and quite aetive when 
they were young beeome less aetive as they 
beeome older. They begin to gain weight 
between ages 20 and 40, and, although they 
no longer use as many kiloealories, they still 
take in the same amount of food as when 
they were younger. The unused kiloealories 
are turned into fat, causing fat eells to 
inerease in size. At one time, it was believed 
that the number of fat eells did not inerease 
after adulthood. It is now known that the 
number of fat eells ean inerease in adults. 
Apparently, if all the existing fat eells are 
fìlled to eapaeity with lipids, newfat eells are 
formed to store the excess lipids. Onee fat 
eells are formed, however, dieting and 
weight loss do not result in a deerease 
in the number of fat eells—instead, they 
beeome smaller in size as their lipid eontent 
deereases. 

The distribution of adipose tissue in 
obese individuals varies. Adipose tissue ean 
be found mainly in the upper body, such as 
in the abdominal region, or it ean be assoei- 
ated with the hips and buttocks. These dis- 
tribution differenees are elinieally signifieant 
because upper body obesity is assoeiated 
with an inereased likelihood of developing 
diabetes mellitus, cardiovascular disease, 
stroke, and death. 


In some eases, a speeifie cause of obe- 
sity ean be identified. For example, a 
tumor in the hypothalamus ean stimulate 
overeating. In most eases, however, no 
speeifie cause is apparent. In faet, obesity 
occurs for many reasons, and obesity in an 
individual ean have more than one cause. 
Obesity seems to have a genetie eompo- 
nent and, if one or both parents are obese, 
their ehildren are more likely to be obese 
also. Environmental faetors, such as eating 
habits, however, ean also play an impor- 
tant role. For example, adopted ehildren 
ean exhibit the obesity of their adoptive 
parents. In addition, psyehologieal faetors, 
such as overeating as a means for dealing 
with stress, ean contribute to obesity. 

The regulation of body weight is actu- 
ally a matter of regulating body fat because 
most ehanges in body weight refleet 
ehanges in the amount of fat in the body. 
Aeeording to the"set point"theory of weight 
eontrol, the body maintains a eertain 
amount of body fat. If the amount deereases 
below or inereases above this level, meeha- 
nisms are aetivated to return the amount of 
body fat to its normal value. 

It is a eommon belief that the main 
cause of obesity is overeating. Certainly, for 
obesity to occur, at some time energy intake 
must have exceeded energy expenditure. A 
eomparison of the kiloealorie intake of 
obese and of lean individuals at their usual 
weights, however, reveals that, on a per 
kilogram basis, obese people consume 
fewer kiloealories than lean people. 

When people lose a large amount of 
weight, their feeding behavior ehanges. 


They beeome hyperresponsive to external 
food cues, think of food often, and eannot 
get enough to eat without gaining weight. 
This behavior is typieal of both lean and 
obese individuals who are below their rela- 
tive set point for weight. Other ehanges, 
such as a deerease in basal metabolie rate, 
take plaee in a person who has lost a large 
amount of weight. Most of this deerease in 
BMR probably results from a deerease in 
muscle mass assoeiated with weight loss. 
In addition, some evidenee exists that 
energy lost through exercise and the ther- 
mie effeet of food are also reduced. 

Thus, a person who has lost a large 
amount of weight has an inereased appe- 
tite and a deereased ability to expend 
energy. It is no surprise that only a small per- 
eentage of obese people maintain weight 
loss over the long term. Instead, the typieal 
pattern is one of repeated eyeles of weight 
loss followed by a rapid regain of the lost 
weight. 

The message emerging from current 
researeh is that body weight results from 
many eomplieated genetie and metabolie 
faetors that go awry in many ways. Obesity 
is being regarded as a ehronie eondition 
that may respond to medieation in much 
the same way that diabetes does. Nonethe- 
less, medieation is only part of the story. 
Drugs ean help, but eating less and exercis- 
ing more is still neeessary for optimal 
health. 
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ANATOAAY & PHYSIOLOGY 


the greater the rate of heat exchange. Control of the temperature 
differenee is used to regulate body temperamre. For example, if 
environmental temperature is very eold, as on a eold winter day, a 
large temperature differenee exists between the body and the envi- 
ronment, and a large loss of heat occurs. The heat loss ean be 
deereased by behaviorally seleeting a warmer environment—for 
example, by going inside a heated house. Heat loss ean also be 
deereased by insulating the exchange surface, such as by putting 
on extra elothes. Physiologieally, temperature differenee ean be 
eontrolled through the dilation and eonstrietion of blood vessels 
in the skin. When these blood vessels dilate, they bring warm 


blood to the surface of the body, raising skin temperature; eon- 
versely, vasoeonstrietion deereases blood flow and lowers skin 
temperature. 


Prediet 



Explain why vasoeonstrietion of the skin's blood vessels on a eool day is benefieial. 


When the environmental temperature is greater than body tem- 
perature, vasodilation brings warm blood to the skin, causing an 
inerease in skin temperature, which deereases heat gain from the 
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environment. At the same time, evaporation earries away excess heat 
to prevent heat gain and overheating. 

Body temperamre regulation is an example of a negative-feedbaek 
system that is eontrolled by a set point. A small area in the anterior 
part of the hypothalamus deteets slight inereases in body temperamre 
through ehanges in blood temperature (figure 22.18). As a result, 
meehanisms are aetivated that cause heat loss, such as vasodilation 
and sweating, and body temperamre deereases. A small area in the 
posterior hypothalamus ean deteet slight deereases in body tem- 
peramre and ean initiate heat gain by inereasing muscular aetivity 
(shivering) and vasoeonstrietion. 

Under some eonditions, the set point of the hypothalamus is 
aemally ehanged. For example, during a fever, the set point is raised, 


heat-eonserving and heat-producing meehanisms are stimulated, and 
body temperamre inereases. In reeovery from a fever, the set point is 
lowered to normal, heat loss meehanisms are initiated, and body 
temperamre deereases. 

44 Define freeenergy. How much of the free energy is lost as heat from 
the body? 

45 What are four ways that heat is exchanged between the body and the 
environment? 

46 How is body temperature behaviorally and physiologieally 
maintained in a eold and in a hot environment? 

47 How does the hypothalarrms regulate body temperature? 



Reeeptors in the hypothalamus and 
skin deteet an inerease in body 
temperature. The hypothalamus 
aetivates heat loss meehanisms. 



inereased sweating inereases evaporative 
heat loss. 

Dilation of skin blood vessels inereases 
heat loss from the skin. 

Behavioral modifieations, such as taking off 
a jaeket or seeking a eooler environment, 
inerease heat loss. 



Body temperature inereases 

Homeostasis Disturbed 


Body temperature deereases 

Homeostasis Restored 
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Reeeptors in the hypothalamus 
and skin deteet a deerease in body 
temperature. The hypothalamus 
aetivates heat-eonserving and 
heat-generating meehanisms. 
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Constriction of skin blood vessels deereases 
heat loss from the skin. 

Shivering inereases heat production. 
Behavioral modifieations, such as putting on 
a jaeket or seeking a warmer environment, 
deerease heat loss. 




Homeostasis Figure 22.18 summary of Temperature Regulation 
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Relevanee 


Hyperthermia and Hypothermia 


Hyperthermía 

Hyperthermia, an elevated body 
temperature, develops when heat gain 
exceeds the body's ability to lose heat. 
Hyperthermia ean result from exercise, 
exposure to hot environments, fever, or 
anesthesia. 

Exercise inereases body temperature 
because of the heat produced as a by- 
product of muscle aetivity (see ehapter 8). 
Normally, vasodilation and inereased sweat- 
prevent harmful body temperature 
inereases. In a hot, humid environment, the 
evaporation of sweat is deereased, and exer- 
eise levels have to be reduced to prevent 
overheating. 

Exposure to a hot environment nor- 
mally results in the aetivation of heat 
loss meehanisms, and body temperature is 
maintained at normal levels, a negative- 
feedbaek meehanism. Prolonged exposure 
to a hot environment, however, ean result in 
heat exhaustion. The normal negative- 
feedbaek meehanisms for eontrolling body 
temperature are operating, but they are 
unable to prevent an inerease in body tem- 
perature above normal levels. Heavy sweating 
results in dehydration, deereased blood vol- 
ume, deereased blood pressure, and inereased 
heart rate. Individuals suffering from heat 
exhaustion have a wet, eool skin because of 
the heavy sweating. They usually feel weak, 
dizzy, and nauseated. Treatment includes 
reducing heat gain by moving to a eooler 
environment, eeasing aetivity to reduce the 
heat produced by muscle metabolism, and 
restoring blood volume by drinking fluids. 

Heat stroke is more severe than heat 
exhaustion because it results from a break- 
down in the normal negative-feedbaek 
meehanisms of temperature regulation. If 


temperature 


hypothalamus 


beeomes too high, it no longer functions 


appropriately. Sweating stops, and the skin 


beeomes 


and flushed. The person 


beeomes confused, irritable, or even eoma- 
tose. In addition to the treatment for heat 
exhaustion, heat loss from the skin should 
be inereased. This ean be aeeomplished by 
inereasing evaporation from the skin by 
applying wet eloths or by inereasing eon- 
ductive heat loss by immersing the person 
in a eool bath. 

Fever is the development of a higher- 
than-normal body temperature following 
the invasion of the body by mieroorgan- 
isms or other foreign substances. Lympho- 
eytes, neutrophils, and maerophages release 
ehemieals ealled pyrogens (pT'ró-jenz). 


Examples 


pyrogens include eertain 


interleukins, interferons, and tissue neero- 
sis faetor. Pyrogens inerease the synthesis 
of prostaglandins, which stimulate a rise in 
the temperature set point of the hypothal- 
amus. Consequently, body temperature 
and metabolie rate inerease. Fever is 
believed to be benefìeial because it speeds 
up the ehemieal reaetions of the immune 
system (see ehapter 19) and inhibits the 
growth of some mieroorganisms. Although 
benefìeial, body temperatures greater than 
41°C (106°F) ean be harmful. Aspirin, non- 
steroidal anti-inflammatory drugs (NSAIDs), 
and aeetaminophen lower body tempera- 
ture by inhibiting the synthesis of prosta- 
glandins. 

Malignant hyperthermia is an ìnherited 
muscle disorder. Certain drugs used to induce 
general anesthesia for surgery cause sus- 
tained, uncoordinated muscle eontraetions in 
individuals with this disorder. Consequently, 
body temperature inereases. 

Therapeutic hyperthermia is an induced 
loeal or general body inerease in tempera- 
ture. It is a treatment sometimes used on 
tumors and infeetions. 


Hypothermia 

If heat loss exceeds the body's ability to pro- 
duce heat, body temperature deereases 
below normal levels. Hypothermia is a 
deerease in body temperature to 35°C (95°F) 
or below. Hypothermia usually results from 
prolonged exposure to eold environments. 
At fìrst, normal negative-feedbaek meeha- 
nisms maintain body temperature. Heat loss 
is deereased by eonstrieting blood vessels in 
the skin, and heat production is inereased by 
shivering. If body temperature deereases 
despite these meehanisms, hypothermia 
develops.The individual's thinking beeomes 
sluggish, and movements are uncoordi- 
nated. Heart, respiratory, and metabolie 
rates deeline, and death results unless body 
temperature is restored to normal. Rewarm- 
ing should occur at a rate of a few degrees 
per hour. 

Frostbite is damage to the skin and 
deeper tissues, resulting from prolonged 
exposure to the eold. Damage results from 
direet eold injury to eells, injury from iee 
erystal formation, and reduced blood flow 
to affeeted tissues. The fingers, toes, ears, 
nose, and eheeks are most eommonly 
affeeted. Damage from frostbite ean range 
from redness and diseomfort to loss of the 
affeeted part. The best treatment is immer- 
sion in a warm-water bath. Rubbing the 
affeeted area and loeal, dry heat should be 
avoided. 

Therapeutic hypothermia is sometimes 
used to slow metabolie rate during surgical 
procedures, such as heart surgery. Because 
the metabolie rate is deereased, the tissues 
do not require as much oxygen as normal 
and are less likely to be damaged. 
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Siimmary 

22.1 Niitrition (p.690) 

Nutrition is the taking in and use of food. 

Nutrients 

1. Nutrients are the ehemieals used by the body. They are earbohydrates, 
lipids, proteins, vitamins, minerals, and water. 

2. Essential nutrients are nutrients that must be ingested because the body 
eannot manufacture them or is unable to manufacture adequate 
amounts of them. 

Kiloealories 

1. A ealorie (eal) is the heat (energy) neeessary to raise the temperature of 
1 g ofwater 1°C. A kiloealorie (keal), or Calorie (Cal), is 1000 ealories. 

2. A gram of earbohydrate or protein yields 4 keal, and a gram of fat 
yields 9 keal. 

MyPyramid 

The MyPyramid guide reeommends the amounts of different food types 

and fiber neeessary for good health, based on a person’s age, sex, and 

physieal aetivity. 

earbohydrates 

1. Carbohydrates are ingested as monosaeeharides (glucose, fructose), 
disaeeharides (sucrose, maltose, laetose), and polysaeeharides (stareh, 
glyeogen, cellulose). 

2. Polysaeeharides and disaeeharides are eonverted to glucose. Glucose ean 
be used for energy or stored as glyeogen or fats. 

3. The Aeeeptable Macronutrient Distribution Range (AMDR) for 
earbohydrates is 45%—65% of total kiloealories. 

Lipids 

1. Lipids are ingested as triglyeerides (93%) or eholesterol and 
phospholipids (3%). 

2. Monounsaturated fats and oils have one double bond, and 
polyunsaturated fats and oils have two or more double bonds. 

3. Most unprocessed polyunsaturated oils occur in the eis form, whereas 
hydrogenated polyunsaturated oils are in the trans form. 

4. Triglyeerides are used for energy or are stored in adipose tissue. 
Cholesterol forms other molecules, such as steroid hormones. 
Cholesterol and phospholipids are part of the plasma membrane. 

5. The AMDR for lipids is 20%-35%. 

Proteins 

1. Proteins are ingested and broken down into amino aeids. 

2. Proteins perform many fimetions: proteetion (antibodies), regulation 
(enzymes, hormones), structure (eollagen), muscle eontraetion (aetin 
and myosin), transportation (hemoglobin, transport proteins), and 
reeeptors. 

3. The AMDR for protein is 10%—35% of total kiloealories. 

vitamins 

1. Many vitamins fimetion as eoenzymes or as parts of eoenzymes. 

2. Most vitamins are not produced by the body and must be obtained in 
the diet. Some vitamins ean be formed from provitamins. 

3. Vitamins are elassified as either fat-soluble or water-soluble. 

4. Reeommended Dietary Allowances (RDAs) are a guide for estimating 
the nutritional needs of groups of people based on their age, sex, and 
other faetors. 


Minerals 

1. Minerals are neeessary for normal metabolism, add meehanieal strength to 
bones and teeth, fimetion as buffers, and are involved in osmotie balanee. 

2. The daily requirement for major minerals is 100 mg or more daily, 
whereas for traee minerals it is less than 100 mg daily. 

Daily Values 

1. Daily Values are dietary referenees that ean be used to help plan a 
healthy diet. 

2. Daily Values for vitamins and minerals are based on Referenee Daily 
Intakes, which are generally the highest 1968 RDA values of age eategories. 

3. Daily Values are based on Daily Referenee Values. 

■ The Daily Referenee Values for energy-producing nutrients 
(earbohydrates, total fat, saturated fat, and proteins) and dietary fiber 
are reeommended pereentages of the total kiloealories ingested daily 
for eaeh nutrient. 

■ The Daily Referenee Values for total fats, saturated fats, eholesterol, 
and sodium are the uppermost limit eonsidered desirable because of 
their link to diseases. 

4. The % Daily Value is the pereentage of the reeommended Daily Value 
of a nutrient found in one serving of a particular food. 

22.2 Metabolism (p. 699) 

1. Metabolism eonsists of eatabolism and anabolism. Catabolism is the 
breaking down of molecules and gives off energy. Anabolism is the 
building up of molecules and requires energy. 

2. The energy in earbohydrates, lipids, and proteins is used to produce 
ATP through oxidation-reduction reaetions. 

22.3 earbohydrate Metabolism (p. 700 ) 

Glyeolysis 

Glyeolysis is the breakdown of glucose into two pyrnvie aeid molecules. 

Also produced are two NADH molecules and two ATP molecules. 

Anaerobie Glyeolysis 

1. Anaerobie glyeolysis is the breakdown of glucose into two laetie aeid 
and two ATP molecules. The ehemieal reaetions of anaerobie glyeolysis 
do not require oxygen. 

2. Anaerobie glyeolysis supports intense, short-duration muscle aetivity. 

Aerobie Respiration 

1. Aerobie respiration is the breakdown of glucose in the presenee of oxy- 
gen to produce earbon dioxide, water, and 36 or 38 ATP molecules. 

2. The first phase is glyeolysis, which produces two ATP, two NADH, and 
two pyruvic aeid molecules. 

3. The seeond phase is the eonversion of the two pyrnvie aeid molecules 
into two molecules of acetyl-CoA. These reaetions also produce two 
NADH and two earbon dioxide molecules. 

4. The third phase is the eitrie aeid eyele, which produces two ATP, six 
NADH, two FADH 2 , and four earbon dioxide molecules. 

5. The fourth phase is the eleetron-transport ehain. The high-energy 
eleetrons in NADH and FADH 2 enter the eleetron-transport ehain and 
are used in the synthesis of ATP and water. 

22.4 Lipid Metabolism <p. 707 ) 

1. Lipolysis is the breakdown of triglyeerides to glyeerol and fatty aeids. 
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2. Adipose tissue releases free fatty aeids that are taken up by eells and 
broken down by beta-oxidation into acetyl-CoA. 

■ Acetyl-CoA ean enter the eitrie aeid eyele. 

■ Acetyl-CoA ean be eonverted into ketone bodies. 

22.5 Protein Metabolism (p. 7os) 

1. New amino aeids are formed by transamination, the transfer of an 
amine group to a keto aeid. 

2. Amino aeids are used to synthesize proteins. If used for energy, 
ammonia is produced as a by-product of oxidative deamination. 
Ammonia is eonverted to urea and is excreted. 

22.6 intereonversion of Nutrient 

Molecules <p. 7os> 

1. Glyeogenesis is the formation of glyeogen from glucose. 

2. Lipogenesis is the formation of lipids from glucose and amino aeids. 

3. Glyeogenolysis is the breakdown of glyeogen to glucose. 

4. Gluconeogenesis is the formation of glucose from amino aeids and glyeerol. 

22.7 Metabolie States <p. 7ii) 

1. In the absorptive state, nutrients are used as energy or stored. 

2. In the postabsorptive state, stored nutrients are used for energy. 

Reviewand eomprehension 

22.1 Nutrition (p. 690) 

1. Which of these statements eoneerning kiloealories is true? 

a. A kiloealorie is the amount of energy required to raise the 
temperature of 1 g of water 1°C. 

b. There are 9 keal in a gram of protein. 
e. There are 4 keal in a gram of fat. 

d. A pound of body fat eontains 3300 keal. 

2. Complex earbohydrates include 

a. sucrose. 

b. milk sugar (laetose). 

e. stareh, an energy storage molecule in plants. 

d. all of the above. 

3. A source of monounsaturated fats is 

a. fat assoeiated with meat. d. fish oil. 

b. egg yolks. e. olive oil. 

e. whole milk. 

4. A eomplete protein food 

a. provides the daily amount (grams) of protein reeommended for a 
healthy diet. 

b. ean be used to synthesize the nonessential amino aeids. 
e. eontains all 20 amino aeids. 

d. includes beans, peas, and leafy green vegetables. 

3. Concerning vitamins, 

a. most ean be synthesized by the body. 

b. they are normally broken down before they ean be used by the body. 

e. A, D, E, and K are water-soluble vitamins. 

d. many function as eoenzymes. 

6. Minerals 

a. are inorganie nutrients. 

b. eompose about 4%-5% of total body weight. 

e. aet as buffers and osmotie regulators. 

d. are eomponents of enzymes. 

e. all of the above. 


22.8 Metabolie Rate <p. 712) 

Metabolie rate is the total energy expenditure per unit of time, and it has 
three eomponents. 

Basal Metabolie Rate 

Basal metabolie rate is the energy used at rest. It is 60% of the metabolie rate. 

Thermie Effeet of Food 

The thermie effeet of food is the energy used to digest and absorb food. It is 
10% of the metabolie rate. 

Muscular Aetivity 

Muscular energy is used for muscle eontraetion. It is 30% of the metabolie rate. 

22.9 Body Temperature Regulation (p. 713) 

1. Body temperature is a balanee between heat gain and heat loss. 

■ Heat is produced through metabolism. 

■ Heat is exchanged through radiation, conduction, eonveetion, and 
evaporation. 

2. The greater the temperature differenee between the body and the 
environment, the greater the rate of heat exchange. 

3. Body temperature is regulated by a set point in the hypothalamus. 


22.2 Metabolism <p. 099) 

7. Which of the following are eorreetly matehed? 

a. anabolism—energy-requiring proeess by which small molecules are 
joined to form larger molecules 

b. eatabolism—energy-releasing proeess by which large molecules are 
broken down into smaller moleoffes 

e. oxidation—the loss of an eleetron by an atom 

d. loss of a H + and an assoeiated eleetron from a nutrient molecule— 
loss of energy from nutrient molecule 

e. all of the above 

22.3 earbohydrate Metabolism <p. 700) 

8. Glyeolysis 

a. is the breakdown of glucose to two pymvie aeid molecules. 

b. requires the input of two ATP moleoffes. 

e. produces two NADH moleoffes. 

d. does not require oxygen. 

e. all of the above. 

9. Anaerobie glyeolysis_oxygen and produces 

_energy (ATP) for the eell than aerobie respiration. 

a. does not require, more e. requires, more 

b. does not require, less d. requires, less 

10. Which of these reaetions takes plaee in both anaerobie glyeolysis and 
aerobie respiration? 

a. glyeolysis e. eleetron-transport ehain 

b. eitrie aeid eyele d. acetyl-CoA formation 

11 . The moleoffe that moves eleetrons from the eitrie aeid eyele to the 
eleetron-transport ehain is 

a. tRNA. d. NADH. 

b. mRNA. e. pyruvic aeid. 

e. ADP. 
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12. The production of ATP molecules by the eleetron-transport ehain is 
aeeompanied by the synthesis of 

a. aleohol. d. laetie aeid. 

b. water. e. glucose. 

e. oxygen. 

13. The earbon dioxide you breathe out eomes from 

a. glyeolysis. e. anaerobie glyeolysis. 

b. the eleetron-transport ehain. d. the food you eat. 

22.4 Lipid Metabolism (p. 707 ) 

14. Lipids are 

a. stored primarily as triglyeerides. 

b. synthesized by beta-oxidation. 

e. broken down by oxidative deamination. 

d. all of the above. 

22.5 Protein Metabolism (p. 7os) 

13. Amino aeids 

a. are elassified as essential or nonessential. 

b. ean be synthesized in a transamination reaetion. 

e. ean be used as a source of energy. 

d. ean be eonverted to keto aeids. 

e. all of the above. 

16. Ammonia is 

a. a by-product of lipid metabolism. d. produced during lipogenesis. 

b. formed during ketogenesis. e. eonverted to keto aeids. 

e. eonverted into urea in the liver. 


22.6 intereonversion of Niitrient 

Moleeiiles <p. 708 ) 

17. The eonversion of amino aeids and glyeerol into glucose is ealled 

a. gluconeogenesis. e. glyeogenesis. 

b. glyeogenolysis. d. ketogenesis. 

22.7 Metabolie States <p. 7ii) 

18. Which of these events takes plaee during the absorptive state? 

a. Glyeogen is eonverted into glucose. 

b. Glucose is eonverted into fats. 
e. Ketones are produced. 

d. Proteins are eonverted into glucose. 

22.8 Metabolie Rate <p. 712 ) 

19. The major use of energy by the body is in 

a. basal metabolism. 

b. physieal aetivity. 

e. the thermie effeet of food. 

22.9 Body Temperature Regulatìon (p. 713) 

20. The loss of heat resulting from the loss of water from the body’s surface is 

a. radiation. 

b. evaporation. 
e. conduction. 
d. eonveetion. 

Answers in Appendix E 


eritieal Thinking 


1. One serving of a food has 2 g of saturated fat. What % Daily Value for 
saturated fat would appear on a food label for this food? (See the 
bottom of figure 22.2 for information needed to answer this question.) 

2. An aetive teenage boy has a daily intake of 3000 keal/day. What is the 
maximum amount (weight) of total fats he should consume, aeeording 
to the Daily Values? 

3. If the teenager in question 2 eats a serving of food that has a total fat 
eontent of 10 g/serving, what is his % Daily Value for total fat? 

4. Suppose the food in question 3 is in a paekage that lists a serving size of 1/2 
cup, with 4 servings in the paekage. If the teenager eats half of the eontents 
of the paekage (1 cup), how much of his % Daily Value does he consume? 

3. Why does a vegetarian usually have to be more eareffd about his or her 
diet than a person who includes meat in the diet? 

6. Explain why a person suffering from eopper defieieney feels tired all the time. 

7. Some people elaim that oeeasionally fasting for short periods ean be 
benefieial. How ean fasts be damaging? 

8. Lotta Bulk, a muscle builder, wanted to inerease her muscle mass. 
Knowing that proteins are the main eomponents of muscle, she began 
a high-protein diet in which most of her daily kiloealories were 
supplied by proteins. She also exercised regularly with heavy weights. 
After 3 months of this diet and exercise program, Lotta inereased her 


muscle mass, but not any more than her friend, who did the same 
exercises but did not have a high-protein diet. Explain what 
happened. Was Lotta in positive or negative nitrogen balanee? 

9. Why ean some people lose weight on a 1200 keal/day diet but others eannot? 

10. In some diseases, an infeetion causes a high fever, resulting in a erisis 
state. The person is on the way to reeovery when body temperature 
begins to return to normal. If you were looking for symptoms in a 
person who had just passed through the erisis state, would you look 
for a dry, pale skin or a wet, flushed skin? Explain. 

11. On learning that sweat evaporation results in the loss of ealories, an 
anatomy and physiology student enters a sauna in an attempt to lose 
weight. He reasons that a liter (about a quart) of water weighs 1000 g, 
which is equivalent to 580,000 eal, or 580 keal, of heat when lost as 
sweat. Instead of reducing his diet by 580 keal/day, if he loses a liter of 
sweat every day in the sauna, he believes he will lose about a pound of 
fat a week. Will this approaeh work? Explain. 

12. Thyroid hormone is known to inerease the aetivity of the Na + —K + 
pump. If a person produced excess amounts of thyroid hormone, what 
effeet would this have on basal metabolie rate, body weight, and body 
temperature? How would the body attempt to eompensate for the 
ehanges in body weight and temperature? 

Answers in Appendix F 













C HAPTE R 
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23.1 Fimetions of the llrinary System 722 




Color-enhanced seannlng eleetron mierograph of podoeytes wrapped 
around the glomemlar eapillarles. These structures play a major role 
in filtration, one of the important steps in urine formation. 


1. Deseribe the functions of the urinary system. 

Kidney Anatomy and Histology 722 

2. Deseribe the loeation, size, shape, and internal anatomy of 
the kidneys. 

3. Deseribe the structure of the nephron and eolleeting duct. 

4. State the course of blood flow through the kidney. 

llrine Production 728 

5. Deseribe the proeess of fìltration in the glomerulus. 

6. Discuss the regulation of the glomerular fìltration rate. 

7. Deseribe the reabsorption and seeretion proeesses in the nephron 
and eolleeting duct. 

8. Explain how the medullary eoneentration gradient is maintained. 

Hormonal Regulation of llrine eoneentration 
and volume 738 

9. Deseribe the hormonal regulation of the kidneys and how 
eoneentrated and dilute urine are produced. 

llrine Movement 743 

10. Deseribe the structure of the ureters, urinary bladder, and urethra. 

11. Explain how urine is moved from the kidneys to the outside of 
the body. 

Effeets of Aging on the Kidneys 746 

12. Discuss the age-related ehanges that occur in the urinary system. 

Body Fluids 747 

13. Defìne the intracellular and extracellular fluid eompartments. 

Regulation of lntracellular Fluid 
eomposition 748 

14. Deseribe the regulation of the intracellular fluid by the 
plasma membrane. 

Regulation of Body Fluid eoneentration 
and volume 748 

15. Discuss the routes of water input and output for the body. 

16. Deseribe the regulation of extracellular fluid osmolality and volume. 



Module 13: urinary System 


23.10 Regulation of Speeifie Eleetrolytes in the 

Extracellular Fluid 753 

17. Deseribe the regulation of Na + , Cl _ , K + , Ca 2+ , and other ions. 

23.11 Regulation of Aeid-Base Balanee 755 

18. Deseribe the regulation of aeid-base balanee by buffers, the 
respiratory system, and the kidneys. 
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introdiietion 

T he kidneys make up the bodys main purification system. 

They eontrol the eomposition of blood by removing waste 
products, many of which are toxic, and eonserving useful 
substances. The kidneys help eontrol blood volume and eonse- 
quently play a role in regulating blood pressure. The kidneys also 
play an essential role in regulating blood pH. Approximately 
one-third of one kidney is all that is needed to maintain homeo- 
stasis. Even after extensive damage, the kidneys ean still perform 
their life-sustaining functions. If the kidneys are damaged fur- 
ther, however, death results unless speeialized medieal treatment 
is administered. 


23.1 Fiinetions of the (Jrinary 

System 

The urinary system eonsists of two kidneys, which produce urine; 
two ureters, which earry urine from the kidneys to the urinary blad- 
der; a single, midline urinary bladder, which stores urine; and a single 
urethra, which earries urine from the urinary bladder to the outside 
of the body (figure 23.1). 

The kidneys are the major excretory organs of the body. The skin, 
liver, lungs, and intestines eliminate some waste products, but, if the 



Figlire 23.1 Llrinary System apir 
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The urinary system eonsists of two kidneys, two ureters, the urinary bladder, 
and the urethra. 


kidneys fail to fimetion, these other excretory organs eannot adequately 
eompensate. The following fimetions are performed by the kidneys: 

1. Excretion. The kidneys filter blood, and a large volume of 
filtrate is produced. Large molecules, such as proteins and 
blood eells, are retained in the blood, whereas smaller molecules 
and ions enter the filtrate. Most of the filtrate volume is 
reabsorbed baek into the blood, along with useful molecules 
and ions. Metabolie wastes, toxic molecules, and excess ions 
remain in a small volume of filtrate. Additional waste products 
are seereted into the filtrate and the result is urine formation. 

2. Regulation ofblood volume andpressure. The kidneys play a 
major role in eontrolling the extracellular fluid volume in the 
body by producing either a large volume of dilute urine or a 
small volume of eoneentrated urine. Consequently, the kidneys 
regulate blood volume and blood pressure. 

3. Regulation ofthe eoneentration ofsolutes in the blood. The 
kidneys help regulate the eoneentration of the major ions, such 

as Na + , Cl", K + , Ca 2+ , HC0 3 -, and HPO 4 2 ". 

4. Regulation of extracellular fluidpH. The kidneys seerete variable 
amounts of H + to help regulate the extracellular fluid pH. 

3. Regulation ofred blood eell synthesis. The kidneys seerete a 
hormone, erythropoietin, which regulates the synthesis of red 
blood eells in bone marrow (see ehapter 16). 

6. Vitamin D synthesis. The kidneys play an important role in 
eontrolling blood levels of Ca 2+ by regulating the synthesis of 
vitamin D (see ehapter 6). 

1 List the functions performed by the kidneys, and briefly deseribe eaeh. 

23.2 Kidney Anatomy and 

Histology 

Loeation and External Anatomy 
of the Kidneys 

The kidneys are bean-shaped and eaeh is about the size of a tightly 
elenehed fist. They lie behind the peritoneum on the posterior 
abdominal wall on eaeh side of the vertebral column (figure 23.2). 
Structures that are behind the peritoneum are said to be retroperito- 
neal (re'trò-per'i-tò-nè'àl). The renal (kidney) capsule is a layer of 
fibrous eonneetive tissue surrounding eaeh kidney. A thiek layer of 
adipose tissue surrounding the renal capsule fiinetions as a shoek 
absorber, cushioning the kidneys against meehanieal shoek. The renal 
faseia is a thin layer of eonneetive tissue surrounding the adipose tis- 
sue. Numerous eonneetive tissue strands eross the adipose tissue and 
eonneet the renal faseia to the renal capsule. The renal faseia helps 
anehor the kidneys and adipose tissue to the abdominal wall. 

The hilum (hl'lum) is a small area where the renal artery and 
nerves enter, and the renal vein and ureter exit, the medial side of the 
kidney (figure 23.3). 

2 Deseribe the shape, size, and loeation of the kidneys. 

3 Deseribe the renal capsule and the structures surrounding the kidney. 

4 What is the hilum? 
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Figlire 23.2 Anatomy of the llrinary System 

(tf)The kidneys are loeated in the abdominopelvie eavity, with the right kidney just below the liver and the left kidney below the spleen. A ureter extends from eaeh 
kidney to the urinary bladder within the pelvie eavity.The urethra extends from the urinary bladder to the outside of the body. (ò)The kidneys are loeated behind the 
parietal peritoneum. Adipose tissue surrounds the kidneys and the renal faseia anehors the kidneys to the abdominal wall. 


internal Anatomy and Histology 
of the Kidneys 

The kidney is divided into an outer cortex and an inner medulla, 
which surrounds the renal sinus (see figure 23.3). The renal sinus is 
a eavity eonneeted to the hilum. It eontains blood vessels, urine- 
eolleeting ehambers that empty into the ureter, and adipose tissue. 


The renal columns are extensions of the renal cortex into the 
renal medulla. Between the renal columns are the eone-shaped renal 
pyramids. The bases of the pyramids form the boundary between the 
cortex and the medulla. The tips of the pyramids, the renal papillae, 
point toward the renal sinus. 

Minor ealyees (kafi-sèz, cup of flower) are fimnel-shaped eham- 
bers into which the renal papillae extend. The minor ealyees of several 



















































724 


ehapter 23 


Artery and vein 
in the renal sinus 


Renal sinus 
(eontaining 
blood vessels, 
and renal pelvis) 

Renal pyramid 


Renal papilla 


Minor calyx 
Major calyx 


Renal column 


(a) 



Renal capsule 

Cortex 

Medulla 

Hilum (indentation) 

Renal artery 

Renal vein 

Renal pelvis 

Llreter 


Renal sinus 
(spaee) 


Renal pyramid 
Renal papilla 


Renal column 


Major calyx 
Minor calyx 


(b) 
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Figlire 23.3 Frontal Seetion of the Kidney and Ureter apíR, 

(c/)The cortexforms the outer part of the kidney, and the medulla forms the inner part. A eentral eavity ealled the renal sinus eontains the renal pelvis.The renal 
columns of the kidney projeet from the cortex into the medulla and separate the pyramids. (b) Photograph of a longitudinal seetion of a human kidney and ureter. 
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pyramids merge to form larger funnels, the major ealyees. Eaeh kidney 
eontains 8—20 minor ealyees and 2 or 3 major ealyees. The major ealyees 
eonverge to form an enlarged ehamber ealled the renal pelvis, which is 
surrounded by the renal sinus. The renal pelvis narrows into a small- 
diameter tube, the ureter, which exits the kidney at the hilum and 
eonneets to the urinary bladder. Urine formed within the kidney flows 
from the renal papillae into the minor ealyees. From the minor ealyees, 
urine flows into the major ealyees, eolleets in the renal pelvis, and then 
leaves the kidney through the ureter. 

The functional unit of the kidney is the nephron (nef'ron, 
kidney), and there are approximately 1.3 million of them in eaeh 
kidney. Eaeh nephron eonsists of a renal corpuscle; a proximal 
convoluted tubule; a loop of Henle, or nephronie loop; and a 
distal convoluted tubule (figure 23.4). The renal corpuscle 
eonsists of a Bowman capsule and a glomerulus. The Bowman 
capsule is the enlarged end of the nephron surrounding the glom- 
erulus (glò-màr'u-lus, glomus, a ball of yarn), which is a network 
of eapillaries. Fluid from the blood in the glomerulus enters the 
Bowman capsule and then flows into the proximal convoluted 
tubule. From there, it flows into the loop of Henle. Eaeh loop of 
Henle has a deseending limb, which extends toward the renal 
sinus, and an aseending limb, which extends baek toward the eor- 
tex. The fluid flows through the aseending limb of the loop of 
Henle to the distal convoluted tubule. Many distal convoluted 
tubules empty into a eolleeting duct, which earries the fluid from 
the cortex, through the medulla. Many eolleeting ducts empty 
into a papillary duct, and the papillary ducts empty their eontents 
into a minor calyx. 

The renal corpuscle and convoluted tubules are in the renal 
cortex (see flgure 23.4). The eolleeting duct and loop of Henle enter 
the medulla. Approximately 13% of the nephrons, ealled juxtamed- 
ullary (next to the medulla) nephrons, have loops of Henle that 
extend deep into the medulla of the kidney. The other 83% of neph- 
rons, ealled eortieal nephrons, have loops of Henle that do not 
extend deep into the medulla. Both types of nephrons contribute to 
the production of urine, but the ability to produce very eoneentrated 
urine is due to the juxtaglomerular nephrons. 

The Bowman capsule is indented to form a double-walled eham- 
ber (flgure 23.5). The parietal layer of the Bowman capsule is simple 
squamous epithelium forming the outer wall. The viseeral layer 
eonsists of eells ealled podoeytes (pod'ò-slts, pod, foot + kytos, a 
hollow eell), which form the inner wall of the capsule. The podoeytes 
wrap around the eapillaries of the glomerulus. The eavity of the 
Bowman capsule opens into the proximal convoluted tubule, which 
earries fluid away from the capsule. 

The endothelium of the glomemlar eapillaries has pores, ealled 
fenestrae (fe-nes' trè), and the podoeytes have numerous eell pro- 
eesses with gaps between them, ealled filtration slits. The endothe- 
lium of the glomemlar eapillaries, the podoeytes, and the basement 
membrane between them form a filtration membrane (see figure 
23.5^/). In the first step of urine formation, fluid, eonsisting of water 
and solutes smaller than proteins, passes from the blood in the glo- 
memlar eapillaries through the filtration membrane into the Bowman 
capsule. The fluid that passes aeross the filtration membrane is ealled 
the filtrate. 

The proximal convoluted tubules, the thiek segment of the loops 
of Henle, the distal convoluted tubules, and the eolleeting ducts 


eonsist of simple cuboidal epithelium. The cuboidal epithelial eells 
have mierovilli and many mitoehondria. These portions of the neph- 
ron aetively transport molecules and ions aeross the wall of the neph- 
ron. The thin segments of the deseending and aseending limbs of the 
loops of Henle have very thin walls made up of simple squamous 
epithelium. Water and solutes pass through the walls of these por- 
tions of the nephron by diffusion. The thin segment of the deseend- 
ing limb of the loop of Henle is permeable to water and solutes, and 
the thin segment of the aseending limb is permeable to solutes, but 
not to water. 

5 What are the renal cortex, renal medulla, and renal sinus? 

6 Deseribe the relationships among the renal papillae, ealyees, renal 
pelvis, and ureter. 

7 What is the functional unit of the kidney? Name its parts. 

8 What is the relationship among nephrons, eolleeting ducts, papillary 
ducts, and minor ealyees? 

9 Where in the cortex and the medulla are the parts of a nephron 
loeated? Distinguish betvveen eortieal and juxtamedullary 
nephrons. 

10 Deseribe the structure of the Bovvman capsule, the glomerulus, and 
the fìltration membrane. 

Arteries and Veins of the Kidneys 

A renal artery branehes off the abdominal aorta and enters the 
renal sinus of eaeh kidney (flgure 23.6a). Within the kidney, there 
is repeated branehing of the artery, with the branehes beeoming 
smaller and smaller. These branehes pass along the sides and bases 
of the renal pyramids, projeet into the cortex, and give rise to affer- 
ent arterioles supplying the glomemlar eapillaries inside the 
Bowman capsule (flgure 23 .6b). Efferent arterioles arise from the 
glomemlar eapillaries and earry blood away from the glomemli. 
After eaeh efferent arteriole exits the glomerulus, it gives rise to a 
plexus of eapillaries, ealled the peritubular eapillaries, around the 
proximal and distal convoluted tubules. The vasa reeta (và'sà 
rek'tà, straight vessels) are speeialized portions of the peritubular 
eapillaries that extend deep into the medulla of the kidney and sur- 
round the loops of Henle and eolleeting ducts. The peritubular 
eapillaries, which include the vasa reeta, join small veins in the 
cortex. These veins join larger veins that mn parallel to the arteries. 
In the renal sinus, the veins eonverge to form the renal vein, which 
exits the kidney. 

A stmemre ealled the juxtaglomerular (juks'-tà-gló-mer'u-làr, 
elose to the medulla) apparatus is formed where the distal eonvo- 
luted tubule eomes into eontaet with the afferent arteriole next to 
the Bowman capsule (see figure 23.5 b). The juxtaglomerular appa- 
ratus is eomposed of the granular eells and the macula densa. The 
granular eells are speeialized smooth muscle eells in the wall of 
the afferent arteriole that seerete renin. The macula densa is spe- 
eialized epithelial eells of the distal convoluted tubule that moni- 
tor the flow of filtrate. The juxtaglomerular apparatus plays an 
important role in blood pressure regulation (see “Regulation of 
Renin Seeretion,” p. 742). 

11 Deseribe the blood supply for the kidney. 

12 What isthe juxtaglomerular apparatus? 
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Figlire 23.4 Functional Unit of the Kidney—the Nephron Iapir 

A nephron eonsists of a renal corpuscle, proximal convoluted tubule, loop of Henle, and distal convoluted tubule.The distal convoluted tubule empties into a 
eolleeting duct. Juxtamedullary nephrons (those near the medulla) have loops of Henle that extend deep into the medulla, vvhereas other nephrons do not. Collecting 
ducts undergo a transition to larger-diameter papillary ducts near the tip of the renal papilla.The papillary ducts empty into a minor calyx. 
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(b) The viseeral layer (podoeytes) of the Bowman capsule 
eovers the glomerular eapillaries. Fluid from the blood 
enters the Bowman capsule by passing through the 
eapillary walls and the viseeral layer of the Bowman 
capsule. From there, fluid passes into the proximal 
convoluted tubule of the nephron. The juxtaglomerular 
apparatus eonsists of eells from the wall of the afferent 
arteriole and the distal convoluted tubule. 
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(a) The renal corpuscle eonsists of the Bowman 
capsule and the glomerulus. The Bowman capsule 
is the enlarged end of a nephron, which is indented 
to form a double-walled ehamber.The Bowman 
capsule surrounds the glomerulus, which is a 
network of eapillaries. Blood flows from the afferent 
arteriole into the glomerulus and leaves the 
glomerulus through the efferent arteriole. 




Fenestrae 

(e) The glomerulus is eomposed of fenestrated eapillaries. 
The viseeral layer of the Bowman capsule eonsists of 
speeialized eells ealled podoeytes. Spaees between the 
podoeyte eell proeesses are ealled filtration slits. 
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Figlire 23.5 Renal Corpuscle ap r. 


(d) The filtration membrane eonsists of the fenestrated 
glomerular eapillary endothelium, a basement 
membrane, and the podoeyte eell proeesses. Fluid 
passes from the eapillary through the filtration membrane 
into the Bowman capsule. 
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Figure 23.6 Blood Flow Through the Kidney 

( a ) Blood flow through the larger arteries and veins of the kidney. (b) Blood flow through the arteries, eapillaries, and veins that provide circulation to the nephrons. 


Llrine formation results from the following three proeesses: 


1. Filtration 


2. Tubular 
reabsorption 


Filtration (blue arrow) is the movement 
of materials aeross the filtration 
membrane into the Bowman capsule 
to form filtrate. 


Solutes are reabsorbed (purple arrow) 
aeross the wall of the nephron into the 
interstitial fluid by transport proeesses, 
such as aetive transport and 
eotransport. 

Water is reabsorbed (orange 
arrow) aeross the wall of the nephron 
by osmosis. Water and solutes pass 
from the interstitial fluid into the 
peritubular eapillaries and vasa reeta. 
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Solutes are seereted (green arrow) 
aeross the wall of the nephron into the 
filtrate. 


Proeess Figure 23.7 urine Formation ap!RJ 


23.3 llrine Production 

The nephron is ealled the functional unit of the kidney because 
it is the smallest structural eomponent of the kidney eapable of 
producing urine. Three major proeesses are essential for urine 
formation: filtration, tubular reabsorption, and tubular seeretion 


(figure 23.7). All three are essential for the regulation of body 
fluid eomposition. Filtration is the movement of water and small 
solutes aeross the filtration membrane as a result of a pressure 
differenee. 

Tubular reabsorption is the removal of water and solutes from 
the filtrate baek into the blood. In general, most of the water and 
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V. 


Blood eells do not normally appear 
in the urine because the fìltration mem- 
brane does not permit their passage. 
Hematuria (hè-mà-too'ré-à, hem-à-too'ré-à) 
is the presenee of blood in the urine. The 
source of blood eells in the urine ean be 
inside or outside the kidney. Damage to the 
filtration membrane or other areas of the 
kidney ean result in hematuria. Glomerular 
nephritis (gló-màr'u-làr ne-frl'tis) results 
from inflammation of the filtration mem- 
brane vvithin the renal corpuscle. It is ehar- 
aeterized by an inereased permeability of 
the fìltration membrane and the accumula- 
tion of numerous vvhite blood eells in the 
area. As a consequence, a high eoneentra- 
tion of plasma proteins enters the fìltrate 


Hematuria and Glomemlonephritis 



and a greater-than-normal urine volume is 
produced. As damage to the filtration mem- 
brane inereases, red and vvhite blood eells 
pass through the fìltration membrane. 

Acute glomerular nephritis often 
occurs 1-3 vveeks after a severe baeterial 
infeetion, such as streptoeoeeal sore throat 
or searlet fever. Antigen-antibody eom- 
plexes assoeiated vvith the disease beeome 
deposited in the fìltration membrane and 
cause inflammation. This acute inflamma- 
tion normally subsides after several days. 

Chronic glomerular nephritis is long- 
term and usually progressive. The fìltration 
membrane thiekens and eventually is 
replaeed by eonneetive tissue. Although in 
the early stages ehronie glomemlar nephritis 


resembles the acute form, in the advaneed 
stages many of the renal corpuscles have 
been replaeed by fìbrous eonneetive tissue, 
and the kidney eventually eeases to function. 

Blood ean be added to the urine just 
before or after it leaves the kidneys. Kidney 
stones or tumors in the renal pelvis, ureter, 
urinary bladder, prostate, or urethra ean 
cause hematuria. infeetions of the urinary 
traet, resulting in inflammation of the urinary 
bladder (eystitis), of the prostate gland (pros- 
tatitis, pros-tà-tT'tis), and of the urethra (ure- 
thritis, u-rè-thrl'tis) ean also cause hematuria. 
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ANATOMY & PHYSIOLOGY 



iisefiil solutes are reabsorbed, whereas waste products, excess solutes, 
and a small amount of water are not. 

Tubular seeretion is the addition of solutes aeross the walls of 
the nephron into the fìltrate. Consequently, urine eonsists of sub- 
stanees that are filtered aeross the filtration membrane and those that 
are seereted from the peritubular eapillaries into the nephron, minus 
the substances that are reabsorbed (table 23.1). 


Table 23.1 


eoneentrations of Major 
Substances in iirine 
(Average values) 


Substance 

Plasma 

Urine 

Water (L/day) 


1.4 

Organie molecules (mg/dL) 



Protein 

3900-5000 

0* 

Glucose 

100 

0 

Urea 

26 

1820 

Uric aeid 

3 

42 

Creatinine 

1 

196 

lons (mEq/L) 



Na + 

142 

128 

K + 

5 

60 

CL 

103 

134 

HC0 3 “ 

28 

14 

Speeifie gravity (g/ml) + 


1.005-1.030 

pH 


4.5-8.0 

1 


f 


*Trace amounts of protein ean be found in the urine. 

! The speeifìe gravity inereases as the eoneentration of solutes in urine inereases. 


13 Deseribe the three general proeesses involved in the production 
of urine. 


Filtration 

An average of 21 % of the blood pumped by the heart eaeh minute flows 
through the kidneys. Of the total volume of blood plasma that flows 
through the glomerular eapillaries, about 19% passes through the filtra- 
tion membrane into the Bowman capsule to beeome filtrate. The 
amount of filtrate produced eaeh minute is ealled the glomeriilar filtra- 
tion rate (GFR). The GFR is approximately 123 mL/min, or about 
180 L/day. Approximately 99% of the filtrate volume is reabsorbed as 
it passes through the nephron, and less than 1% beeomes urine. Thus, 
a healthy person produces approximately 1—2 L of urine eaeh day. 

14 Define glomemlor filtration rate. 


Filtration Membrane 

The filtration membrane allows some substances, but not others, to 
pass from the blood into the Bowman capsule. Water and solutes of 
small size readily pass through the openings of the filtration mem- 
brane but blood eells, platelets, and proteins, which are too large to 
pass through the filtration membrane, do not enter the Bowman 
capsule. Albumin, a small blood protein with a diameter slightly less 
than the openings in the filtration membrane, enters the filtrate in 
very small amounts. Consequently, the filtrate eontains no blood eells 
or platelets and only a small amount of protein. 

15 Name the things that do and do not pass through the filtration 
membrane. 
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Prediet 



Hemoglobin has a smaller diameter than albiimin, but very little hemoglobin 
normally passes from the blood into the filtrate. Explain why. llnder what eir- 
cumstances would large amounts of hemoglobin enter the filtrate? 


Filtration Pressure 

The formation of filtrate depends on the filtration pressure (FP), 
which is a presstire gradient that forees fluid from the glomerular 
eapillary aeross the filtration membrane into the Bowman capsule 
(figure 23.8). The filtration pressure results from a foree moving fluid 
into the Bowman capsule from the glomemlar eapillary minus a 
foree moving fluid out of the Bowman capsule into the glomemlar 
eapillary. Filtration moves fluid into the Bowman capsule and osmo- 
sis moves fluid out of it. 

Filtration pressure = Foree in — Foree out 

= Filtration — Osmosis 

Filtration is the movement of fluid through a partition, such as the 
filtration membrane, that allows fluid and smaller substances to pass 
through the partition but prevents the passage of larger substances. The 
fluid movement results from a pressure differenee aeross the partition, 
with fluid moving from the side of the partition with the greater pressure 
to the side with the lower pressure. The glomemlar eapillary pressure 
(GCP) is the blood pressure in the glomerular eapillary, and the eap- 
sular hydrostatie pressure (CHP) is the pressure produced by filtrate 
already inside the Bowman capsule. The GCP is 50 mm FFg and the 
CHP is 10 mm Hg. Therefore, the foree moving fluid into the 
Bowman capsule by filtration is 40 mm Hg (50 - 10). 

Osmosis is the movement of water aeross a seleetively perme- 
able membrane. The filtration membrane aets as a seleetively perme- 
able membrane that prevents proteins from moving into the 
Bowman capsule but allows the passage of water and solutes. The 
eoneentration of most substances in the plasma and filtrate is the 
same, except for proteins. Therefore, the differenee in protein eon- 
eentration between the blood and filtrate determines the movement 


of water by osmosis. A eolloid eonsists of large molecules, such as 
proteins, suspended in a fluid. The proteins in the blood produce a 
blood eolloid osmotie pressure (BCOP) and the proteins in the 
Bowman capsule produce a capsular eolloid osmotie pressure 
(CCOP). BCOP moves fluid by osmosis from the filtrate into the 
blood, and CCOP moves fluid from the blood into the filtrate. The 
differenee between BCOP and CCOP determines the net movement 
of water by osmosis from the filtrate into the blood. The BCOP is 
approximately 30 mm Hg. The filtrate has very few proteins under 
normal eonditions, so for simplieity, CCOP is assumed to be 0 mm 
Hg, which means the foree moving fluid by osmosis out of the 
Bowman capsule into the blood is 30 mm Hg (30 — 0). 

The filtration pressure ean be calculated as follows (see figure 23.8): 

FP = Foree in — Foree out 
= Filtration — Osmosis 

= (GCP - CHP) - (BCOP - CCOP) 

= (50 - 10) - (30 - 0) 

= 40-30 
= 10 mm Hg 

Changes in filtration pressure have a direet effeet on the glo- 
memlar filtration rate and urine production. For example, as filtra- 
tion pressure inereases, the glomemlar filtration rate inereases. As 
more filtrate is produced, urine volume inereases, unless there is a 
eompensating inerease in tubular reabsorption. Changes in filtra- 
tion pressure result from ehanges in glomemlar eapillary pressure 
and ehanges in protein eoneentrations in the blood and filtrate. 

The glomemlar eapillary pressure is affeeted by the diameter of 
the efferent and afferent arterioles. The glomemlar eapillary pressure 
is much higher than that in most eapillaries because of the resistanee 
to blood flow through the efferent arterioles, which have a small 
diameter. As the diameter of a vessel deereases, resistanee to flow 
through the vessel inereases (see Poiseuilles law, ehapter 18). Also, 
the pressure upstream from the point of deereased vessel diameter is 
higher than the pressure downstream from the point of deereased 
diameter. For example, in the extreme ease of a eompletely elosed 


1. Fluid moves by filtration (green 
arrow) into the Bovvman capsule 
because the glomemlar eapillary 
pressure (GCP) of 50 mm Hg is 
greater than the capsular 
hydrostatie pressure (GHP) of 
10 mm Hg. 


2. Fluid moves by osmosis (orange 
arrow) out of the Bovvman capsule 
because the blood eolloid osmotie 
pressure (BCOP) of 30 mm Hg is 
greater than the capsular eolloid 
osmotie pressure (CCOP) of 0 mm Hg. 


3. Filtration pressure is the differenee 
betvveen the filtration foree of 
40 mm Hg moving fluid into the 
Bovvman capsule and the osmotie 
foree of 30 mm Hg moving fluid out 
of the Bovvman capsule. 




Filtration 
= GCP - CHP 
= 50 mm Hg - 10 mm Hg 
= 40 mm Hg 



0 

Osmosis 

= BCOP - CCOP 
= 30 mm Hg - 0 mm Hg 
= 30 mm Hg 


0 

Filtration Pressure 
= Filtration - Osmosis 
= 40 mm Hg - 30 mm Hg 
= 10 mm Hg 


Proeess Figure 23.8 Filtration Pressure 
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vessel, pressure is high upstream from the eonstrietion and falls to 
zero downstream from the eonstrietion. 

Glomemlar eapillary pressure ean be ehanged by vasoeonstrietion 
and vasodilation of the afferent and efferent arterioles. An analogy may 
help to understand this relationship. Assume that eity water (blood from 
the general circulation) is flowing through a faucet (afferent arteriole) 
into a garden hose (glomerulus). Water flow into the hose is regulated 
by the faucet and water flow out of the hose is regulated by a kink in the 
end of the hose (efferent arteriole). Assume that the faucet is half open 
(afferent arteriole partially eonstrieted) and the end of the hose is half 
kinked (efferent arteriole is partially eonstrieted). Between the faucet 
and the kink is a leak in the hose. Most of the water exits the end of the 
hose (passes through the efferent arteriole), but some eseapes through 
the leak (enters the Bowman capsule). Assuming eity water pressure 
(arterial blood pressure) is eonstant, opening the faucet (vasodilation of 
the afferent arteriole) or kinking the hose more (vasoeonstrietion of the 
efferent arteriole) results in inereased pressure in the hose (glomemlar 
eapillary pressure) and inereased leakage (movement of fluid into the 
Bowman capsule). On the other hand, elosing the faucet more (vasoeon- 
strietion of the afferent arteriole) or kinking the hose less (vasodilation 
of the efferent arteriole) results in deereased pressure and leakage. 

Changes in arterial blood pressure also affeet glomerular eapil- 
lary pressure. If eity water pressure (arterial blood pressure) inereases 
or deereases, the pressure in the hose (glomemlar eapillary pressure) 
inereases or deereases in a eorresponding manner, resulting in 
inereased or deereased leakage. 

Changes in blood or filtrate protein eoneentrations ehange filtra- 
tion pressure because the movement of fluid out of the Bowman capsule 
by osmosis is primarily due to the differenee in protein eoneentration 
between the blood and the filtrate. It is usually assumed that the filtrate 
has no proteins because very few proteins eross the filtration membrane. 
If the permeability of the filtration membrane to proteins inereases, 
however, the entry of proteins into the Bowman capsule inereases the 
capsular eolloid osmotie pressure, which counteracts the blood eolloid 
osmotie pressure. The result is less movement of fluid by osmosis out of 
the Bowman capsule and an inerease in filtration pressure. 

16 What is filtration pressure? How is it related to filtration and osmosis 
aeross the filtration membrane? 

17 Define glomerular eapillary pressure, capsular hydrostatie pressare, and 
blood eolloid osmotie pressure. 

18 How do ehanges in fìltration pressure affeet the glomemlar filtration 
rate and urine production? 

19 Why is glomemlar eapillary pressure higher than in other eapillaries? 
What effeet do vasoeonstrietion and vasodilation of the afferent 
arterioles have on glomerular eapillary pressure? 

20 How do ehanges in blood and plasma proteins affeet filtration pressure? 

Regulation of Glomeralar 
Filtration Rate 

Autoregulation and sympathetie stimulation regulate the glomerular 
filtration rate and renal blood flow. 

Autoregulation 

Autoregulation is the maintenanee of a relatively stable glomemlar 
filtration rate over a wide range of blood pressure. The glomemlar 


filtration rate inereases only slightly as blood pressure inereases from 
90 to 180 mm Hg. Autoregulation is aehieved through eonstrietion 
and dilation of the afferent arterioles. As blood pressure inereases, the 
afferent arterioles eonstriet, which counteracts the blood pressure 
inerease by deereasing (downstream) glomemlar eapillary pressure. 
Consequently, filtration pressure and glomemlar filtration rate do 
not inerease as much as they would have otherwise. Conversely, a 
deerease in blood pressure results in dilation of the afferent arterioles, 
preventing a large deerease in glomemlar eapillary pressure, filtration 
pressure, and glomemlar filtration rate. 

Autoregulation prevents large ehanges in the glomemlar filtra- 
tion rate, which prevents large ehanges in urine production. Despite 
autoregulation, ehanges in blood pressure do cause slight ehanges in 
the glomemlar filtration rate. These ehanges are stimuli affeeting the 
seeretion of renin from the juxtaglomerular apparatus (see “Regulation 
of Renin Seeretion,” p. 742). The slight ehanges in glomemlar filtra- 
tion rate also cause ehanges in urine volume, which affeet blood 
volume. inereased glomemlar filtration rate inereases urine volume 
and deereases blood volume, whereas deereased glomerular filtration 
rate deereases urine volume and inereases blood volume. 

Streteh of the afferent arteriole and the flow of filtrate past the 
juxtaglomerular apparatus stimulate autoregulation. As blood 
pressure inereases, the smooth muscle in the wall of the afferent 
arteriole is stretehed, which stimulates the smooth muscle to eon- 
traet. The macula densa of the juxtaglomerular apparams monitors 
the rate of filtrate flow through the nephron. When the glomemlar 
filtration rate inereases, more filtrate flows past the macula densa, 
which sends a signal to the afferent arteriole, causing it to eontraet. 
As a result, the glomerular filtration rate deereases. 

21 What is autoregulation and how is it aehieved? Deseribe two 
meehanisms responsible for autoregulation. 

Sympathetie Stimulation 

Sympathetie stimulation eonstriets the small arteries and afferent 
arterioles, thereby deereasing renal blood flow and filtrate formation. 
In response to severe stress or circulatory shoek, intense sympathetie 
stimulation reduces renal blood flow. This helps maintain homeosta- 
sis by maintaining blood pressure at levels adequate to sustain blood 
flow to organs, such as the heart and brain. A prolonged deerease in 
renal blood, however, ean damage the kidneys. Consequently, shoek 
should be treated quickly. 

22 What effeet does sympathetie stimulation have on renal blood flow? 




Karl was pouring gasoline from a small ean into his lawn mower when it 
ignited. He experienced third-degree burns on his ehest, neek, arms, and 
hands. In the hospital emergeney room, his blood pressure was found to be 
in the low normal range and his heart rate was very high. His skin appeared 
very pale.There was a delay of a couple of hours from the time of the aeei- 
dent until Karl was treated and an IV was started. During that time he pro- 
duced almost no urine. After IV treatment, urine production resumed. Explain 
these responses. 
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Tubular Reabsorption 

Approximately 180 L of filtrate are prodiieed eaeh day. Given that 
plasma volume is approximately 3 L, that means the entire plasma vol- 
ume is filtered 60 times a day, yet only 1—2 L of urine are produced eaeh 
day. Tubular reabsorption, the movement of water and solutes from the 
filtrate baek into the blood, makes this possible. Almost all of the water 
and useful solutes are reabsorbed, whereas waste products, excess sol- 
utes, and a small amount of water are not. The reabsorbed substances 
enter the peritubular eapillaries and vasa reeta and flow through the 
renal veins to enter the general circulation (see figure 23 .Gb). 

23 VVhere do solutes and water reabsorbed by the nephrons go? 

Medullary eoneentration Gradient 

Solutions in the body are complex, eontaining many different sub- 
stanees in different amounts. For simplieity, the ions and molecules 
in a solution are referred to as partieles. When eonsidering osmosis, 
the number of partieles, whether of one type or a mixture of differ- 
ent types, determines the eoneentration of a solution. An osmole 
(Osm) is 6.022 X 10 23 partieles in a kilogram (kg) of water (see 
Appendix C for an explanation of this number). The eoneentration 
of partieles in body fluids is so low that the measurement millios- 
mole (mOsm), 1/1000 of an osmole, is used. Most body fluids have 
an osmotie eoneentration of approximately 300 mOsm/kg. 


Water moves by osmosis from a solution with a lower osmolality 
(fewer partieles, more water) to a solution with a higher osmolality 
(more partieles, less water). For example, water moves by osmosis from 
a sohition of 300 mOsm/kg toward a solution of 1200 mOsm/kg. 

There is a mediillary eoneentration gradient extending from 
the bases of the renal pyramids to their tips. The interstitial fluid 
eoneentration is 300 mOsm/kg in the eortieal region of the kidney. 
Moving from the cortex into the medulla, the interstitial fluid 
beeomes progressively more eoneentrated until it aehieves a maxi- 
mum eoneentration of 1200 mOsm/kg at the tip of the renal pyra- 
mid. This is more eoneentrated than seawater. 

24 Define milliosmole. How does the osmolality of solutions affeet the 
movement of water by osmosis? 

25 Deseribe the medullary eoneentration gradient. 

Reabsorption in the Proximal Convoluted Tubule 

Most reabsorbed substances pass through the eells that make up the 
wall of the nephrons. The eells have an apieal membrane, which is 
in eontaet with the filtrate, and a basolateral membrane, which 
forms the base and sides of the eell and is in eontaet with the inter- 
stitial fluid between the nephron and peritubular eapillaries (figure 
23.9). Substances reabsorbed through eells must pass through the 
apieal and basolateral membranes. Some reabsorbed substances pass 
between the nephron eells, which are eonneeted by tight junctions 


1. In the basolateral membrane, Na + -K + 
pumps establish a eoneentration 
gradient for Na + . 

2. Glucose, amino aeids, and other 
organie molecules eross the apieal 
membrane by symport with Na + 
and the basolateral membrane by 
faeilitated diffusion. 

3. Antiporters exchange Na + for H + , 
produced by the dissoeiation of 
aeids. 

4. Antiporters exchange CI _ for bases 
produced by the dissoeiation of 
aeids. The C\~ eross the 
basolateral membrane by symport 
and diffusion. The bases eombine 
with H + , forming aeids that diffuse 
into the tubule eell. 

5. VVater follows Na + and Cl“ by osmosis. 

6. Many ions (K + , Ca 2+ , Mg 2+ , Cl“), 
urea, and water pass between eells. 
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(see ehapter 4). In some parts of the nephron, such as the proximal 
convoluted tubule, the tight junctions are “leaky,” allowing the pas- 
sage of signifieant amounts of the filtrate. 

The proximal convoluted tubule is the primary site for the reab- 
sorption of solutes and water. In the basolateral membrane, Na + —K + 
pumps move Na + out of tubule eells and K + into tubule eells by 
aetive transport (see figure 23.9). As a result, the eoneentration of 
Na + inside the tubule eells is lower than the eoneentration of Na + in 
the filtrate. This eoneentration gradient for Na + is responsible for the 
symport and antiport of many ions and molecules from the filtrate 
into the tubule eells. 

Glucose, amino aeids, and other organie molecules eross the api- 
eal membranes by symport with Na + and eross the basolateral mem- 
branes by faeilitated diffusion. Sodium ions also indireetly drive the 
movement of Cl“ ions into tubule eells using parallel Na + —H + and 
Cl“-base antiporters. The H + and bases are derived from the disso- 
eiation of aeids inside tubule eells. The eoneentration gradient for Na + 
drives the movement of Na + into the tubule eells in exchange for H + , 
which move into the filtrate. The Cl“-base antiporters then move 
Cl“ ions into tubule eells and bases into the filtrate. The H + and bases 
in the filtrate eombine to form a nonpolar neutral aeid, which diffhses 
through the plasma membrane into the tubule eell. The Cl“ eross the 
basolateral membrane by symport with K + or through ion ehannels. 

Some solutes also diffiise between the tubule eells from the filtrate 
into the interstitial fluid. The eoneentration of these solutes inereases 
as other solutes and water leave the filtrate and enter tubule eells. As 
the eoneentration of these solutes inereases above the eoneentration in 
the interstitial fluid, they diffiise between the tubule eells. Some K + , 
Ca 2+ , Mg 2+ , Cl“, and urea diffbse between the eells of the proximal 
convoluted tubule wall from the filtrate to the interstitial fluid. 

Reabsorption of solutes in the proximal convoluted tubule is 
extensive, and the tubule is permeable to water. As solute molecules 
are transported from the nephron to the interstitial fluid, water moves 
by osmosis in the same direetion through water ehannels or between 
eells (see figure 23.9). By the time the filtrate reaehes the end of the 
proximal convoluted tubule, 63% of its water and NaCl (and other 
solutes) has been reabsorbed. The eoneentration of the filtrate in the 
proximal convoluted tubule remains about the same as that of the 
interstitial fluid (300 mOsm/kg) because proportional amounts of 
water and solutes are reabsorbed. 

26 Define apiealmembranes and basolateralmembranes of nephron eells. 

27 Explain how solutes and water are reabsorbed through and between 
tubule eells. 

Reabsorption in the Loop of Henle 

The deseending limb of the loop of Henle eoneentrates the filtrate 
primarily by removing water. The thin segment of the deseending limb 
of the loop of Henle is highly permeable to water, but has a very low 
permeability to Na + and Cl . It does absorb urea by faeilitated diffhsion 
(see “Maintaining the Medullary Concentration Gradient,” p. 737). The 
loop of Henle deseends into the medulla of the kidney, where the 
interstitial fluid eoneentration is very high. As the filtrate passes 
through the thin segment of the deseending limb, water moves out of 
it by osmosis. By the time the filtrate has reaehed the tip of the loop of 
Henle, the eoneentration of the filtrate is equal to the high eoneentra- 


tion of the interstitial fluid (1200 mOsm/L) and the volume of the 
filtrate has been reduced by another 15%. 

The thin segment of the aseending limb of the loop of Henle 
dilutes the filtrate by passively removing solutes. The thin segment of 
the aseending limb removes solutes from the filtrate by diffiision but 
is impermeable to water. The aseending limb is surrounded by inter- 
stitial fluid, which beeomes less eoneentrated toward the cortex. As 
the filtrate flows through the thin segment of the aseending limb, 
solutes diffuse out of the filtrate into the interstitial fluid, which 
dilutes the filtrate. The water eontent of the filtrate does not ehange 
because the aseending limb is impermeable to water. 

The thiek segment of the aseending limb of the loop of Henle 
dilutes the filtrate by aetively removing solutes. The thiek segment of the 
aseending limb removes solutes from the filtrate by seeondary aetive 
transport but is impermeable to water. A Na + —K + pump aetively trans- 
ports Na + aeross the basolateral membrane into the interstitial fluid, 
establishing a eoneentration gradient for Na + (figure 23.10). A sym- 
porter moves Na + , K + , and Cl“ aeross the apieal membrane. Chloride 
ions and K + enter the interstitial fluid by symport and diffiasion. 
Sodium and other ions also pass between eells. Water does not follow 
the solutes because the aseending limb is impermeable to water. The 
removal of solutes, but not water, dilutes the filtrate. 

By the time the fluid reaehes the distal convoluted tubule, the 
filtrate eoneentration is reduced to 100 mOsm/kg, and 25% of the 
NaCl has been reabsorbed. The filtrate entering the distal convoluted 
tubule is more dilute than the surrounding interstitial fluid, which 
has an osmolality of 300 mOsm/kg. 

28 Deseribe the movement of solutes and water in the deseending and 
aseending limbs of the loop of Henle. 

Reabsorption in the Distal Convoluted Tubule 
and eolleeting Duct 

Most of the water (80%) and solutes (90%) in the filtrate have been 
reabsorbed by the time the filtrate reaehes the distal convoluted 
tubules and eolleeting ducts. The volume and eoneentration of the 
urine are determined by the amount of water and solutes reabsorbed 
in the distal convoluted tubules and eolleeting ducts. This reabsorp- 
tion is under hormonal eontrol. 

A Na + —K + pump aetively transports Na + aeross the basolateral 
membrane into the interstitial fluid, establishing a eoneentration gradi- 
ent for Na + . Sodium ions and Cl“ pass through the apieal membrane 
by symport and Na + pass through Na + ehannels. Chloride ions eross 
the basolateral membrane through C1 ehannels. The distal convoluted 
tubules and eolleeting ducts reabsorb approximately 9%—10% of the 
Na + and Cl“ in the filtrate. The reabsorption of Na + is regulated by the 
hormone aldosterone (see “Renin—Angiotensin—Aldosterone,” p. 740). 

Water moves by osmosis from the distal convoluted tubules and 
eolleeting ducts. The permeability of the distal convoluted tubules 
and eolleeting ducts to water is under the eontrol of antidiuretic 
hormone (ADH) (see “Antidiuretic Hormone,” p. 738). When 
ADH inereases, the distal convoluted tubule and eolleeting duct are 
permeable to water. The water moves out of the filtrate and a small 
volume of very eoneentrated urine is produced. Another 19% of the 
filtrate ean be reabsorbed, leaving less than 1% of the filtrate as urine. 
When ADH deereases, the distal convoluted tubule and eolleeting 
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duct are impermeable to water. Tbe water remains in the filtrate and 
a large volume of dilute urine is produced. 

29 How are Na + and Cl _ reabsorbed from the filtrate in the distal 
convoluted tubules and eolleeting ducts? 

30 How does the permeability of the distal convoluted tubules and 
eolleeting ducts affeet the volume and eoneentration of urine? 


ehanges in the eoneentration of Solutes 
in the Nephron 

Waste products eliminated in the urine are in a higher eoneentration 
in the urine than in the blood. Urea enters the glomemlar filtrate and 
is in the same eoneentration there as in the blood. As the volume of 
filtrate deereases in the nephron, the eoneentration of urea inereases 
because renal tubules are not as permeable to urea as they are to 
water. Approximately 50% of the urea is passively reabsorbed in the 
nephron, although about 99% of the water is reabsorbed. Urate ions, 
ereatinine, sulfates, phosphates, and nitrates are reabsorbed, but not 
to the same extent as water. They beeome more eoneentrated in the 
filtrate as the volume of the filtrate beeomes smaller. These substances 
are toxic if they accumulate in the body, so their accumulation in the 
filtrate and elimination in urine help maintain homeostasis. 

31 How do waste products, such as urea, beeome eoneentrated in 
the urine? 


Conjugation and Excretion 

Some drugs, environmental pollutants, and other foreign sub- 
stanees that gain aeeess to the circulatory system are reabsorbed 
from the nephron. These substances are usually lipid-soluble, non- 
polar compounds. They enter the glomerular filtrate and are reab- 
sorbed passively by a proeess similar to that by which urea is 
reabsorbed. Because these substances are passively reabsorbed 
within the nephron, they are not rapidly excreted. The liver eells 
attaeh other molecules to them by a proeess ealled conjugation 
(kon-ju-gà'shun), which eonverts them to more water-soluble mol- 
ecules. These more water-soluble substances enter the filtrate but 
do not pass as readily through the wall of the nephron, are not reab- 
sorbed from the renal tubules, and consequently are more rapidly 
excreted in the urine. One of the important functions of the liver is 
to eonvert nonpolar toxic substances to more water-soluble forms, 
thus inereasing the rate at which they are excreted in the urine. 


Tubular Seeretion 

Tubular seeretion is the addition of substances to the filtrate. 
By-products of metabolism that beeome toxic in high eoneentra- 
tions, drugs or molecules not normally produced by the body, and 
other substances are seereted into the nephron from the peritubular 
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Diuretics (dl-Oret'iks) are agents 
that inerease the rate of urine formation. 
Although the definition is simple, the effeet 
ean be aehieved by different physiologieal 
meehanisms. Diuretics are used to treat dis- 
orders such as hypertension and several 
types of edema caused by eongestive heart 
failure, eirrhosis of the liver, and other 
anomalies. The use of diuretics ean lead to 
eomplieations, however, including dehy- 
dration and eleetrolyte imbalanees. 

Many diuretics reduce the reabsorption 
of Na + from the fìltrate, which promotes the 
loss of Na + , Cl _ , and water in the urine. Car- 
bonie anhydrase (kar-bon'ik an-hT'dràs) 
inhibitors reduce the uptake of Na + and 
HC 03 _ from the fìltrate by inhibiting H + seere- 
tion into thefiltrate. Carbonic anhydrase is an 
enzyme that reversibly promotes the forma- 
tion of earbonie aeid (H 2 COb) from earbon 
dioxide and water.The earbonie aeid dissoei- 
ates to form H + and HC0 3 ~. In the fìltrate, 
earbonie anhydrase assoeiated with the 
mierovilli of tubule eells eonverts H + and 
HC0 3 ~ to earbon dioxide and water (see fig- 
ure 23.27, step 4).This effeetively removes the 
HC0 3 ~ from the filtrate. The earbon dioxide 
diffuses into tubule eells, where earbonie 
anhydrase promotes the formation of H + and 
HC0 3 ~.The H + are seereted into the nephron 
by an antiporter in exchange for Na + . Car- 
bonie anhydrase inhibitors reduce the pro- 


Diiireties 

duction of H + , which results in reduced 
uptake of Na + by antiport from the fìltrate. 
Consequently, less water leaves the fìltrate by 
osmosis and urine volume inereases. The 
diuretic effeet is useful in treating eonditions 
such as glaucoma and altitude siekness. 

Loop diuretics inhibit the Na + -K + -2CI~ 
symporters in the apieal membrane of eells in 
the aseending thiek segment of the loop of 
Henle (see fìgure 23.10). Loop diuretics are 
used to treat pulmonary edema and edema 
assoeiated with eongestive heart failure, eir- 
rhosis of the liver, and renal failure. Thiazide 
diuretics inhibit the Na + -CI _ symporters in 
the distal convoluted tubules and eolleeting 
ducts.These diuretics are given to some peo- 
ple who have hypertension. 

A possible side effeet of diuretic drugs 
that inhibit Na + reabsorption is an inerease 
in the excretion of K + in the urine. inereased 
delivery of Na + to the distal convoluted 
tubules and eolleeting ducts results in 
inereased movement of Na + out of the fil- 
trate and inereased movement of K + into 
the filtrate. The inereased loss of K + in the 
urine ean cause hypokalemia. Potassium- 
sparing diuretics aet on the distal eonvo- 
luted tubules and the eolleeting ducts to 
prevent the reabsorption of Na + , which 
reduces K + loss and therefore preserves, or 
"spares,"these ions. Some potassium-sparing 
diuretic drugs aet by bloeking aldosterone 



reeeptors, which results in less antiport of 
Na + and K + (seefigure23.15).Otherpotassium- 
sparing diuretics bloek Na + ehannels through 
which Na + diffuse into eells. Potassium- 
sparing diuretics are often used in eombina- 
tion with other diuretics. 

Osmotie diuretics freely pass by filtration 
intothefiltrate, butthey undergo limited reab- 
sorption by the nephron. These diuretics in- 
erease urine volume by elevating the osmotie 
eoneentration of the filtrate, thus reducing 
the amount of water moving by osmosis out 
of the nephron. Urea, mannitol, and glyeerine 
have been used as osmotie diuretics. Although 
they are not eommonly used, they are effeetive 
in treating people who are suffering from eere- 
bral edema and edema in acute renal failure 
(see"Renal Failure,"p. 746). 

Xanthines (zan'thènz), including eaf- 
feine and related substances, aet as diuretics 
partly because they inerease renal blood 
flow and the rate of glomemlar filtrate for- 
mation.They also influence the nephron by 
deereasing Na + and Cl~ reabsorption. 

Aleohol aets as a diuretic, although it is 
not used elinieally for that purpose. It inhibits 
ADH seeretion from the posterior pituitary 
and results in inereased urine volume. 
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eapillaries. As with tubular reabsorption, tubular seeretion ean be 
aetive or passive. For example, H + , K + , ereatinine, histamine, and 
penieillin are aetively transported into the nephron, whereas 
ammonia difFuses into the filtrate. The seeretion of H + (see “Renal 
Regulation of Aeid—Base Balanee,” p. 755) and K + (see “Regulation 
of Potassium Ions,” p. 753) is discussed later in the ehapter. 

32 List examples of substances seereted into the filtrate. Deseribe the 
way in which they are transported. 

33 Deseribe how and where H + and K + are seereted. 

Summary of ehanges in Filtrate 
Volume and eoneentration 

Approximately 180 L of filtrate enter the proximal convoluted 
tubules daily (figure 23.11, step 1). Most of the useful solutes that 
pass through the filtration membrane into the Bowman capsule are 


reabsorbed by seeondary aetive transport in the proximal convoluted 
tubule. Filtrate volume and NaCl (solutes) are reduced by 65%. The 
osmolality of the interstitial fluid and the filtrate is maintained at 
about 300 mOsm/kg (figure 23.11, step 2). 

The filtrate passes into the deseending limbs of the loops of 
Henle, which are highly permeable to water, but not Na + and Cl“. 
As the deseending limbs penetrate deep into the medulla of the kid- 
ney, the surrounding interstitial fluid has a progressively greater 
osmolality. Water moves out of the nephrons by osmosis. By the time 
the filtrate reaehes the deepest part of the loops of Henle, its volume 
has been reduced by an additional 15% of the original volume and 
its osmolality has inereased to that of the surrounding interstitial 
fluid. At the tips of the renal pyramids, filtrate eoneentration ean be 

1200 mOsm/kg (figure 23.11, step 3). 

The thin and thiek segments of the aseending limbs of the loops 
of Henle are impermeable to water but permeable to solutes. The 
movement of solutes, but not water, aeross the wall of the aseending 
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Proximal convoluted 


Distal convoluted 


capsule 


Cortex 


Concentration of 
interstitial fluid 
(mOsm/kg) 


19% H 2 0 
9-10% NaCI 




0 15% H 2 0 


Loop of Henle 


Oolleeting duct 



O 1% remains 


as urine 


1. Approximately 180 L of filtrate enters the 
nephrons eaeh day (see figure 23.8). 

The filtrate eoneentration is 300 
mOsm/kg. 

2. Approximately 65% of the water and 
NaCI in the original filtrate is reabsorbed 
in the proximal convoluted tubule (see 
figure 23.9). The filtrate eoneentration is 
300 mOsm/kg. 

3. Approximately 15% of the water is 
reabsorbed in the thin segment of the 
deseending limb of the loop of Henle. At 
the tip of the renal pyramid, filtrate 
eoneentration is 1200 mOsm/kg, which is 
equal to the interstitial fluid 
eoneentration. 


4. The thin segment of the aseending limb of the 
loop of Henle is not permeable to water. 
Sodium ehloride diffuses out of the thin 
segment. 

5. The thiek segment of the aseending limb of 
the loop of Henle is not permeable to water. 
Sodium ions are aetively transported into the 
interstitial fluid and Cl follow by diffusion (see 
figure 23.10). 

6. The volume of the filtrate does not ehange as 
it passes through the aseending limb, but the 
eoneentration is greatly reduced. By the time 
the filtrate reaehes the cortex, the 
eoneentration is 100 mOsm/kg, and an 
additional 25% of NaCI has been reabsorbed. 


7. The distal convoluted tubules and eolleeting 
ducts reabsorb water and NaCI. 

8. If ADH is present, water moves by osmosis 
from the less eoneentrated filtrate into the 
more eoneentrated interstitial fluid. By the 
time the filtrate reaehes the tip of the renal 
pyramid, an additional 19% of water and 
9%-10% of NaCI has been reabsorbed. 

9. One pereent or less of the filtrate remains as 
urine when ADH is present. 


Proeess Figure 23.11 Summary of llrine eoneentrating Meehanism 


limbs causes the osmolality of the filtrate to deerease from 1200 to 
about 100 mOsm/kg by the time the filtrate again reaehes the cortex 
of the kidney. The volume of the filtrate does not ehange as it passes 
through the aseending limbs, but 25% of the NaCl is reabsorbed 
(figure 23.11, steps 4—6). 


The distal convoluted tubules and the eolleeting ducts reabsorb 
water and NaCl (figure 23.11, step 7). When ADH is present, an 
additional 19% of the filtrate is reabsorbed, leaving 1% of the origi- 
nal filtrate as urine. The eoneentration of the urine ean be as high as 
1200 mOsm/kg, which is the eoneentration of the interstitial fluid at 
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the tip of the renal pyramid (figure 23.11, steps 8 and 9). In the 
absenee of ADH, a greater volume of urine is produced, and it ean 
be as dilute as 63 mOsm/kg because of the reabsorption of NaCl. 

34 Deseribe how the filtrate volume and eoneentration ehange as it 
flows through the nephrons and eolleeting ducts. 


Maintaining the Medullary 
eoneentration Gradient 

The kidneys’ ability to eoneentrate urine depends on maintaining 
the medullary eoneentration gradient because the urine will 
beeome only as eoneentrated as the interstitial fluid at the tip of the 
renal pyramid. The juxtaglomerular nephrons are most responsible 
for the medullary eoneentration gradient because their loops of 
Henle extend deep into the medulla, even to the tip of the renal 
pyramid. Maintenanee of the high solute eoneentration in the kid- 
ney medulla depends on the loops of Henle adding solutes to the 
interstitial fluid and the vasa reeta removing solutes and water reab- 
sorbed from the filtrate by the nephron. 


Filtrate 

flow 



Deseending 
limb, loop of 
Henle 


Thin segment 



Llrea contributes to 
the interstitial fluid 
solute eoneentration 
and reenters the thin 
segments of the loop 
of Henle. 


Collecting 

duct 


Urea is 
excreted in 
the urine. 


Addition of Solutes 

The addition of solutes, without water, by the thin and thiek segments 
of the aseending limbs of the loops of Henle is the main meehanism 
inereasing the medullary interstitial fluid eoneentration (see figures 
23.10 and 23.11). The thiek segments of the aseending limbs aetively 
pump Na + into the interstitial fluid, and other ions follow by sym- 
port or by passing between tubule eells. The thin segments of the 
aseending limbs add solutes to the interstitial fluid by diffusion. 

Urea (u-rè'à) molecules are responsible for a substantial part of 
the high osmolality in the medulla of the kidney (figure 23.12). The 
medullary eolleeting ducts and the deseending and aseending thin 
segments of the loops of Henle are permeable to urea. As water is 
reabsorbed from the eolleeting ducts, the eoneentration of urea in 
the filtrate inereases until it is higher than in the surrounding inter- 
stitial fluid. Approximately 50% of the urea reaehing the eolleeting 
ducts moves by faeilitated diffusion out of them into the interstitial 
fluid, which inereases the interstitial fluid eoneentration. Around 
the thin segments, the eoneentration of urea in the interstitial fluid 
is higher than in the filtrate and urea moves into the filtrate by 
faeilitated diffusion. As urea eyeles from the medullary eolleeting 
ducts into the thin segments, it contributes to the medullary eon- 
eentration gradient. 

35 In what loeations are soliites added to the medullary interstitial fluid? 

36 Deseribe the eyeling of urea. 

Removal of Reabsorbed Solutes and Water 

The vasa reeta has two flinetions: (1) It earries oxygen and nutrients to 
nephron eells in the medtilla and removes waste products, and (2) it 
removes solutes and water reabsorbed by the nephrons and eolleeting 
ducts without destroying the medullary eoneentration gradient. 

Blood flows through the vasa reeta without destroying the medul- 
lary eoneentration gradient because the vasa reeta is a countercurrent 
meehanism. A countercurrent meehanism eonsists of two parallel 


Figure 23.12 llrea eyeling and the Mediillary 

eoneentration Gradient 

llrea eyeles from the medullary eolleeting duct to the deseending and 
aseending thin segments of the loop of Henle.The addition of urea tothe 
interstitial fluid contributes to the medullary eoneentration gradient. 

tubes through which fluid flows in opposite direetions. The vasa reeta 
has a deseending limb, through which blood flows toward the tip of the 
renal pyramid, and an aseending limb, which returns blood in the 
opposite direetion to the cortex. As blood flows through the deseending 
limb, it beeomes more eoneentrated because it loses water to, and gains 
solutes from, the more eoneentrated interstitial fluid. At the tip of the 
renal pyramid, the eoneentration of the blood is 1200 mOsm/kg and is 
equal to that of the interstitial fluid (figure 23.13, steps 1—3). 

If the deseending limb exited the tip of the renal pyramid, the 
medullary eoneentration gradient would be diluted because of the 
addition of water from the blood and the removal of solutes by 
the blood. Instead of exiting the tip of the renal pyramid, however, 
the vasa reeta turns and the aseending limb earries blood baek to the 
cortex. As blood flows through the aseending limb, it beeomes less 
eoneentrated because it gains water from, and loses solutes to, the 
less eoneentrated interstitial fluid. The medullary eoneentration 
gradient is preserved because of the exchange of water and solutes 
between the deseending and aseending limbs of the vasa reeta. The 
water entering the interstitial fluid from the deseending limb is 
removed by the aseending limb, and the solutes removed from the 
interstitial fluid by the deseending limb are replaeed from the 
aseending limb (figure 23.13, step 4). 

Blood passing through the vasa reeta pieks up solutes and water 
reabsorbed by the nephrons and eolleeting ducts. Solutes reabsorbed 
by nephrons and eolleeting ducts enter the deseending limb, and 
water reabsorbed by nephrons and eolleeting ducts enters the aseend- 
ing limb. Slightly more water and slightly more solutes are earried 
from the medulla by the vasa reeta than enter it. Thus, the eomposi- 
tion of the blood at both ends of the vasa reeta is nearly the same, 
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1. The eoneentration of the blood entering the 
deseending limb of the vasa reeta is 300 
mOsm/kg. 

2. The eoneentration of blood in the deseending 
limb inereases as water is lost and solutes are 
gained. 

3. The eoneentration of the blood is equal 
to the surrounding interstitial fluid (1200 
mOsm/kg). 

4. The eoneentration of blood in the aseending 
limb deereases as water is gained and solutes 
are lost. The medullary eoneentration gradient 
is maintained by the exchange of water and 
solutes between the deseending and 
aseending limbs. 

5. Solutes reabsorbed from the filtrate by 
nephrons and eolleeting ducts enter the 
deseending limb. 

6. Water reabsorbed from the filtrate by 
nephrons and eolleeting ducts enters the 
aseending limb. 

7. The eoneentration and volume of the blood 
leaving the aseending limb are slightly 
greater than those entering the deseending 
limb because of solutes and water gained 
from the nephrons and eolleeting ducts. 

Figlire 23.13 Blood Flow Through the vasa Reeta 


Blood 


O 


Aseending 
vasa reeta 


O 

Water 

reabsorbed 


from the filtrate 
by nephrons 
and eolleeting 
ducts 


Deseending 
vasa reeta 



Solutes 
reabsorbed 
from the filtrate 
by nephrons 
and eolleeting 
ducts 



with the volume and osmolality being slightly greater as the blood 
onee again reaehes the cortex (figure 23.13, steps 3-7). 

37 What are the two functions of the vasa reeta? 

38 What is a countercurrent meehanism? 

39 How does the vasa reeta remove reabsorbed solutes and water while 
maintaining the medullary eoneentration gradient? 

23.4 Hormonal Regulat on of 

llrine eoneentratìon 

and Volume 

When a large volume of water is consumed, it is neeessary to elimi- 
nate the excess without losing large amounts of eleetrolytes or other 
substances essential for the maintenanee of homeostasis. The kidneys’ 
response is to produce a large volume of dilute urine. On the other 
hand, when drinking water is not available, producing a large volume 
of dilute urine would lead to rapid dehydration. When water intake 
is restrieted, the kidneys produce a small volume of eoneentrated 
urine that eonserves water and eontains sufficient waste products to 
prevent their accumulation in the circulatory system. 

The hormonal meehanisms involved in regulating urine eoneen- 
tration and volume are the antidiuretic hormone (ADH) meeha- 
nism, the renin—angiotensin—aldosterone meehanism, and the atrial 
natriuretic hormone (ANH) meehanism. The ADH meehanism is 
more sensitive to ehanges in blood osmolality, and the renin— 
angiotensin—aldosterone and ANH meehanisms are more sensitive to 
ehanges in blood pressure. In addition to hormonal meehanisms, 


autoregulation and sympathetie stimulation affeet urine production 
(see “Regulation of Glomemlar Filtration Rate,” p. 731 ). 

Antidiiiretie Hormone 

Antidiuretic hormone (ADH) is seereted from the posterior pimitary 
gland. Neurons with eell bodies primarily in the hypothalamus have 
axons that extend to the posterior pimitary gland in the hypothal- 
amohypophyseal traet (see figure 13.16). ADH is produced in the 
eell bodies of these neurons and transported to their axon endings in 
the posterior pimitary gland, from which ADH is released into the 
circulatory system. Osmoreeeptor eells in the hypothalamus are 
very sensitive to even slight ehanges in the osmolality of the intersti- 
tial fluid. If the osmolality of the blood and interstitial fluid inereases, 
these eells stimulate the ADH-seereting neurons. Aetion potentials 
are then propagated along the axons of the ADH-seereting neurons 
to the posterior pimitary gland, and ADH is released. Reduced 
osmolality of the interstitial fluid within the hypothalamus inhibits 
ADH seeretion from the posterior pimitary gland (see figure 18.38). 

ADH inereases the permeability of the distal convoluted 
tubules and eolleeting ducts to water by stimulating an inerease in 
the number of aquaporins in the apieal plasma membranes of their 
eells. Aquaporins are water ehannels through which water passes 
by osmosis. There are different forms of aquaporins. Aquaporin-2 
molecules are found in the apieal membranes. Their numbers in 
the apieal membranes inerease in response to ADH stimulation 
and they regulate water movement out of the filtrate into eells. 
Aquaporin-3 and aquaporin-4 molecules are in the basolateral 
membranes. Water passes out of eells to the blood through these 
aquaporins, which are insensitive to ADH stimulation. 
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In eells that have not been exposed to ADH, the aquaporin-2 
molecules are found in the membranes of vesieles in the eytoplasm. 
When ADH binds to its reeeptors, it aetivates a G protein meeha- 
nism, causing an inereased eAMP synthesis. As a result, the vesieles 
eontaining aquaporin-2 molecules insert them into the apieal 
plasma membrane. Water moves from the filtrate into the tubule 
eells by osmosis and exits the eells into the interstitial fluid by pass- 
ing through aquaporin-3 and aquaporin-4 molecules (figure 23.14). 

ADH regulates the osmolality of the body’s fluids by eontrol- 
ling the amount of water entering or leaving the blood in the kid- 
neys. Consider the following situation to understand how this 
works. Given a 10% salt solution in a eontainer, such as a pan on a 
stove, it is possible to deerease the eoneentration of the solution by 
adding pure water to it. It is also possible to inerease the eoneentra- 
tion of the solution by boiling the water in the pan, thus removing 


water from the solution by evaporation. Similarly, the kidneys 
deerease blood osmolality by inereasing water reabsorption, and 
they inerease blood osmolality by deereasing water reabsorption. 

The amount of water reabsorbed by the kidneys affeets the eon- 
eentration and volume of the urine. 

Formation of eoneentrated and Diliite Llrine 

ADH regulates the permeability of the ends of the distal convoluted 
tubules and the eolleeting ducts to water. Depending on the levels of 
ADH, water permeability ean be high, low, or everything in between. 
When ADH levels are high, water permeability is high, water reabsorp- 
tion is high, and a small volume of eoneentrated urine is produced. By 
the time the filtrate has reaehed the end of the eolleeting ducts, the 
osmolality of the filtrate is approximately 1200 mOsm/kg and most of 
the water in the filtrate has been reabsorbed (see figure 23.11). 
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eAMP inereases aquaporin-2 to inerease 
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1. ADH moves from the peritubular eapillaries and binds to ADH reeeptors in the plasma membranes of the distal 
convoluted tubule eells and the eolleeting duct eells. 

2. When ADH binds to its reeeptor, a G protein meehanism is aetivated, which in turn aetivates adenylate eyelase. 

3. Adenylate eyelase inereases the rate of eAMP synthesis. Cyclic AMP promotes the insertion of aquaporin-2 
eontaining eytoplasmie vesieles into the apieal membranes of the distal convoluted tubules and eolleeting 
ducts, thereby inereasing their permeability to water. Water then moves by osmosis out of the distal 
convoluted tubules and eolleeting ducts into the tubule eells through the aquaporin-2 water ehannels. 

4. Water exits the tubule eells and enters the interstitial fluid through aquaporin-3 and aquaporin-4 water ehannels 
in the basolateral membranes. 


Proeess Figure 23.14 Effeet of Antidiuretic Hormone (ADH) on water Movement 
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When ADH levels are low, water permeability is low, water 
reabsorption is low, and a large volume of dilute urine is produced. 
Filtrate entering the distal convoluted tubules has a eoneentration of 
100 mOsm/kg (see figure 23.11). The removal of Na + and other 
solutes from the filtrate ean reduce the urine eoneentration to 
63 mOsm/kg. In a healthy person, even when the kidneys produce 
dilute urine, benefieial substances are retained, and toxic substances 
and excess water are eliminated. 


e. How would a genetie abnormality that produces abnormal 
aquaporin-2 molecules result in excessive urine production? 
d. Even though mutations of aquaporin-3 and aquaporin-4 in the 

eolleeting duct have not been deseribed in the literature, if mutations 
occurred that resulted in a reduced number of these aquaporins in the 
eells of the eolleeting ducts, what effeet would they have on urine 
volume and eoneentration? Would ADH be an effeetive treatment? 


Prediet 



Drugs that inerease urine volume are ealled diuretics. Some diuretics inhibit 


the aetive transport of Na + in the nephron. Explain how these diuretic drugs 


ean cause inereased urine volume. 


CASE STUDY 


Diabetes lnsipidus 


Billy is a newborn. Not long after Billy arrived home from the hospi- 
tal, his parents notieed that his diapers were excessively wet hour 
after hour throughout the day and night. After the fìrst week, Billy's 
parents took him to the doetor because he had a slight fever and had 
vomited, even though he had not eaten for several feedings. Billy 
was irritable, but his parents thought this was due to a virus causing 
the vomiting. The doetor took a blood sample, which indieated that 
Billy had high blood Na + levels. Subsequently, the doetor ordered a 
water deprivation test, during which plasma levels of ADH were 
monitored. Based on the test results, the doetor diagnosed Billy's 
eondition to be nephrogenie diabetes insipidus (NDI). 

The term diabetes refers to a disease state eharaeterized by an 
excess production of urine.The word insipidus implies the production 
of a elear, tasteless, dilute urine. People who have diabetes insipidus 
often produce 10-20 L of urine per day and develop major problems, 
such as dehydration and ion imbalanees. Diabetes insipidus is a rela- 
tively rare disease that occurs in two varieties: eentral and nephro- 
genie diabetes insipidus. Central diabetes insipidus (CDI) is caused 
by a failure of ADH seeretion. It ean be of unknown cause or be caused 
by pituitary tumors, head trauma, eranial surgery, or genetie abnor- 
malities. Nephrogenie diabetes insipidus (NDI) results when ADH 
seeretion is normal but the ADH reeeptor, or the response to ADH, in 
the kidney is abnormal. In most eases, NDI results from an inherited 
eondition that affeets the function of the ADH reeeptor or aquaporin-2 
molecules. Billy's NDI results from an abnormal ADH reeeptor. 

The treatment of NDI includes ensuring a plentiful supply of 
water, following a low-sodium and sometimes a low-protein diet, 
and using thiazide diuretics (Na + reabsorption inhibitors) in eombi- 
nation with a potassium-sparing diuretic. 


Prediet 


4 


Use your knowledge of kidney physiology and figure 23.14 to answer the 
following questions. 

a. Why does Billy have high blood Na + levels and dilute urine? 

b. Prediet how Billy's ADH plasma levels will ehange during the water 
deprivation test, given a diagnosis of NDI. If Billy had CDI, how 
would his ADH plasma levels ehange? 


Regulation of ADH Seeretion 

Tfie primary stimulus for ADH seeretion is a ehange in blood osmo- 
lality. Small ehanges in blood osmolality cause ehanges in ADH 
seeretion. When blood osmolality inereases, ADH seeretion inereases 
and the kidneys reabsorb more water. The reabsorption of water 
deereases blood osmolality, deereases urine volume, and inereases 
urine eoneentration. Conversely, when blood osmolality deereases, 
ADH seeretion deereases and the kidneys reabsorb less water, result- 
ing in inereased blood osmolality and a large volume of dilute urine. 

ADH seeretion also ehanges in response to signifieant ehanges in 
blood pressure of 5%—10% or more through baroreeeptor reflexes (see 
figure 18.38). A signifieant deerease in blood pressure stimulates 
inereased ADH seeretion, which promotes water reabsorption and 
inereased blood volume. The inereased blood volume helps inerease 
blood pressure. Conversely, when blood pressure inereases signifieantly, 
ADH seeretion deereases, water reabsorption deereases, blood volume 
deereases, and blood pressure deereases. 

40 Where is ADH produced and seereted? What are osmoreeeptors? 

41 Deseribe the role of ADH and aquaporins in water reabsorption in the 
kidney. 

42 What effeet does ADH have on blood osmolality and volume? On 
urine eoneentration and volume? 

43 How do ehanges in blood osmolality and blood pressure affeet ADH 
seeretion? 


Ren n-Angiotensin-Aldosterone 

Renin (rè'nin, ren'in) is an enzyme seereted by the granular eells 
of the juxtaglomerular apparatus. Renin enters the general circu- 
lation and aets on a protein produced by the liver ealled angio- 
tensinogen (an'jè-ó-ten-sin'ó-jen). Renin removes amino aeids 
from angiotensinogen to produce angiotensin (an'jè-ò-ten'sin) I. 
Angiotensin-eonverting enzyme (ACE) is found in eapillary beds 
in organs such as the lungs. ACE removes amino aeids from angio- 
tensin I to produce angiotensin II. Angiotensin II stimulates the 
seeretion of aldosterone, which is a steroid hormone seereted by 
the eortieal eells of the adrenal glands (figure 23.15). 

Aldosterone passes through the circulatory system from the 
adrenal glands to the eells in the distal convoluted tubules and the 
eolleeting ducts, where it diffuses through plasma membranes and 
binds to intracellular reeeptors. The eombination of aldosterone 
molecules with their reeeptor molecules stimulates the synthesis of 
enzymes, earrier proteins, and ehannel proteins that inerease the 
movement of Na + , Cl“, K + , and H + aeross the apieal and basolat- 
eral membranes (see figure 23.15). For example, an inerease in the 
number of Na + —K + pumps produces an inereased Na + eoneentra- 
tion gradient that promotes the movement of Na + and Cl“ out of 
the filtrate baek into the blood. 
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1. Aldosterone seereted from the adrenal cortex enters eells of the distal convoluted tubules and 
eolleeting ducts. 

2. Aldosterone binds to intracellular reeeptors and inereases the synthesis of proteins. 

3. Newly synthesized enzymes, earrier proteins, and ehannel proteins inerease the rate at which Na + and 
Cr are absorbed and K + and H + are seereted. 

Proeess Figiire 23.15 Effeet of Aldosterone on lon Movement 

The distal convoluted tubules and eolleeting ducts have several types of speeialized eells that respond to aldosterone. No one eell type has all of the earrier proteins 
and ion ehannels shown. Chloride ions also pass between nephron eells and are moved by a CI - /HC0 3 - antiporter. See figure 23.27 for details of H + seeretion. 


The water eontent of the body is eontrolled by regulating the 
Na + eontent of the body. Consider the following situation to under- 
stand how this works. Given a 10% salt solution in a eontainer, if salt 
is added to the solution, its osmolality inereases but there is little 
inerease in volume. If, however, a cup of 10% salt solution is added 
to the eontainer, its volume inereases but its osmolality stays the 
same. Thus, adding salt with just the right amount of water inereases 
volume but does not ehange osmolality. Similarly, removing salt with 
just the right amount of water deereases volume and maintains 
osmolality. For example, seooping out a cup of solution from the 
eontainer deereases the volume of the solution in the eontainer but 
does not ehange its osmolality. 

The renin—angiotensin—aldosterone meehanism regulates 
blood volume by eontrolling the total Na + eontent of the body. 


inereased aldosterone promotes inereased Na + reabsorption, and 
Cl“ follow the Na + . As Na + and Cl“ are reabsorbed, water fol- 
lows by osmosis. Given that ADH maintains a eonstant blood 
osmolality, inereased Na + reabsorption inereases water reabsorp- 
tion and blood volume, without ehanging blood osmolality. 
Conversely, deereased aldosterone deereases water reabsorption 
and blood volume. 

44 Starting with renin, deseribe the events leading to inereased 
seeretion of aldosterone from the adrenal gland. 

45 What are the effeets of aldosterone on Na + and Cl - transport? 

46 How does regulating the body's Na + eontent regulate the body's 
water eontent? How does aldosterone affeet blood volume? 
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Regiilation of Renin Seeretion 

Although the renin—angiotensin—aldosterone meehanism regulates 
the body’s Na + eontent, the primary variable stimulating renin seere- 
tion is not the body’s Na + eontent or plasma Na + levels but, rather, 
is systemie blood pressure. This makes sense when the relationship 
between the body’s Na + eontent and blood pressure is understood. 
Approximately 90%—95% of the osmolality of the bodys fluids is 
due to Na + and its aeeompanying anion, Cl“. Given that fluid osmo- 
lality is maintained at a eonstant level over the long run, if the body’s 
Na + eontent inereases, then the bodys fluid volume inereases, which 
inereases blood volume and blood pressure. If the bodys Na + eontent 
deereases, the body’s fluid volume, blood volume, and blood pressure 
deerease. Changes in blood pressure normally indieate a ehange in 
the bodys Na + eontent because the body’s Na + eontent, blood vol- 
ume, and blood pressure normally ehange together. 

A deerease in blood pressure causes inereased renin seeretion, 
whereas an inerease in blood pressure results in deereased renin seere- 
tion. For example, a deerease in blood pressure results in inereased 
renin seeretion, aldosterone seeretion, Na + reabsorption, blood vol- 
ume, and blood pressure. 

Changes in blood pressure alter renin seeretion through intrinsie 
and extrinsic meehanisms. The intrinsie meehanisms occur within 
the kidney and operate even in a transplanted kidney. The same 
stimuli involved with autoregulation are involved with the intrinsie 
regulation of renin by the kidneys. As blood pressure deereases, the 
granular eells in the wall of the afferent arteriole are less stretehed, 
which stimulates inereased renin seeretion. The macula densa of the 
juxtaglomerular apparatus monitors the rate of filtrate flow through 
the nephron. When blood pressure deereases, the glomerular filtra- 
tion rate deereases slightly despite autoregulation. Consequently, 
slightly less filtrate flows past the macula densa, which sends a signal 
to the granular eells, stimulating them to inerease renin seeretion. 
Conversely, when blood pressure inereases, renin seeretion deereases. 

Extrinsic regulation of renin seeretion occurs through the sym- 
pathetie division, which innervates the juxtaglomerular apparatus 
and renal blood vessels. A deerease in blood pressure is deteeted by 
baroreeeptors, resulting in inereased sympathetie stimulation of 
granular eells and inereased renin seeretion, whereas an inerease in 
blood pressure causes deereased sympathetie stimulation and 
deereased renin seeretion. Sympathetie stimulation also indireetly 
affeets renin seeretion by altering renal blood flow and afferent 
arteriole diameter. For example, inereased sympathetie stimulation 
results in deereased renal blood flow and vasoeonstrietion of the 
afferent arterioles, which deereases glomemlar filtration rate. A 
deereased glomemlar filtration rate stimulates the macula densa, 
causing inereased renin seeretion. 


Prediet 



Angiotensin II is a potent vasoeonstrieting substance that inereases peripheral 
resistanee, causing blood pressure to inerease (see ehapter 18). Angiotensin II 
also inereases aldosterone seeretion, salt appetite, the sensation of thirst, and 
ADH seeretion. How is this adaptive when blood pressure deereases? 


Aldosterone seeretion is regulated by renin seeretion through the 
production of angiotensin II. Aldosterone seeretion is also eontrolled 


through plasma K + levels. inereases in blood K + levels aet direetly 
on the adrenal cortex to stimulate aldosterone seeretion, whereas 
deereases in blood K + levels deerease aldosterone seeretion (see 
“Regulation of Potassium Ions,” p. 753). 

47 What is the primary stimulus for renin seeretion? How does the 
renin-angiotensin-aldosterone meehanism affeet Na + reabsorption, 
blood volume, and blood pressure? 

48 Deseribe intrinsie and extrinsic regulation of renin seeretion. 

49 How is aldosterone seeretion regulated? 


Atrial Natri nretíe Hormone 

Atrial natriuretic (nà'trè-u-ret'ik) hormone (ANH) is a polypep- 
tide hormone seereted from eardiae muscle eells in the right 
atrium of the heart when blood volume in the right atrium 
inereases and stretehes the eardiae muscle eells (figure 23.16). 
Atrial natriuretic hormone inhibits Na + reabsorption in the kid- 
ney tubules. ANH also inhibits ADH seeretion from the posterior 
pimitary gland. Consequently, inereased ANH seeretion inereases 
the volume of urine produced and lowers blood volume and blood 
pressure. Atrial natriuretic hormone also dilates arteries and veins, 
which reduces peripheral resistanee and lowers blood pressure. 
Thus, a deerease occurs in venous return and blood volume in the 
right atrium. 

50 Where is atrial natriuretic hormone produced, and what effeet does it 
have on urine production, blood volume, and blood pressure? 


Prediet 



A man eats a bag of salty potato ehips. Assuming the salty potato ehips make 
him thirsty and he drinks some water, what happens to his urine eoneentration 
and volume? Deseribe the hormonal meehanisms involved. 


inereased blood 
pressure in right atrium 



inereased Na + 
excretion and 
inereased water 
loss result in 
deereased BP. 


Figure 23.16 anh and the Regulation of Na + and water 

inereased blood pressure in the right atrium of the heart causes inereased 
seeretion of atrial natriuretic hormone (ANH), which inereases Na + excretion 
and water loss in the urine. 







LJrinary System and Body Fluids 


743 


23.5 (Jrine Movement 

Anatomy and H stology of the 
(Jreters, llrinary Bladder, and (Jrethra 

The ureters are small tubes that earry urine from the renal pelvis of 
eaeh kidney to the posterior inferior portion of the urinary bladder 
(see figure 23.2). 

The urinary bladder is a hollow, muscular eontainer that lies in 
the pelvie eavity just posterior to the symphysis pubis. In males, the 
urinary bladder is just anterior to the rectum; in females, it is just 
anterior to the vagina and inferior and anterior to the uterus. The 
urinary bladder stores urine, and its size depends on the quantity of 
urine present. The urinary bladder ean hold from a few milliliters 
(mL) to a maximum of about 1000 mL of urine. 

The urethra is a tube that exits the urinary bladder inferiorly 
and anteriorly. It earries urine to the outside of the body. In males, 
the urethra extends to the end of the penis. In females, it opens into 
the vestibule anterior to the vaginal opening (see ehapter 24). The 


female urethra is approximately 4 em in length, whereas the male 
urethra is approximately 20 em. 


7 


Cystitis (sis-tl'tis) is inflammation of the urinary bladder. ittypieally results 
from infeetions that often occur when baeteria from outside the body enter the 
bladder. Are males or females more prone to eystitis? Explain. 


The linings of the ureters, urinary bladder, and urethra are 
mucous membranes eonsisting of epithelium and an underlying layer 
of eonneetive tissue, the lamina propria (figure 23.17). The epithe- 
lium of the ureters and urinary bladder is transitional epithelium, 
which is speeialized to streteh (see ehapter 4) as the ureters transport 
urine and the urinary bladder expands to store urine. Transitional 
epithelium lines the superior urethra and nonkeratinized stratified 
squamous epithelium lines the inferior urethra. 

The walls of the ureter and urinary bladder are eomposed of lay- 
ers of smooth muscle and eonneetive tissue (see figure 23.17). 


Transitional 

epithelium 


Connective tissue 
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Connective tissue 
(adventitia) 
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llrinary bladder 
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Opening of urethra 

Loeation of the 
external urethral 
sphineter 
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Figlire 23.17 (Jreters and (Jrinary Bladder apir, 

(a) Llreters extend from the pelvis of the kidney to the urinary bladder. (b)The walls of the ureters and the urinary bladder are lined with transitional epithelium, which 
is surrounded by a eonneetive tissue layer (lamina propria), smooth muscle layers, and a fibrous adventitia. (e) Seetion through the wall of the urinary bladder. 
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Regiilar waves of smooth muscle eontraetions in the ureters produce 
the foree that causes urine to flow from the kidneys to the urinary 
bladder. The wall of the urinary bladder is much thieker than the 
wall of a ureter. This thiekness is caused by layers eomposed primar- 
ily of smooth muscle, sometimes ealled the detmsor (dè-troo'ser). 
Contractions of the detmsor foree urine to flow from the bladder 
through the urethra. The urethral wall eontains smooth muscle supe- 
riorly, but it disappears inferiorly. 

Elastie fibers at the junction of the urethra and urinary blad- 
der keep urine from passing through the urethra until the urinary 
bladder pressure inereases. At the junction of the urinary bladder 
and urethra, the smooth muscle of the bladder wall and urethra 
form the internal urethral sphineter in males. No well-defined 
internal urethral sphineter is found in females. The internal ure- 
thral sphineter of males is under involuntary eontrol. Contraction 
of the internal urethral sphineter during ejaculation prevents 
semen from entering the urinary bladder and keeps urine from 
flowing through the urethra. The external urethral sphineter is 
skeletal muscle in the urethral wall surrounding the urethra as it 
extends through the pelvie floor (see figure 23.17). The external 
urethral sphineter is under voluntary eontrol and regulates the 
flow of urine through the urethra. 

Llrinary Bladder eaneer 

ln the Llnited States, urinary bladder eaneer affeets more than 
60,000 new patients eaeh year and is among the 10 most eommon 
eaneers in men and women. Half the diagnosed eases of urinary 
bladder eaneer ean be attributed to eigarette smoking, even 10 years 
or more after eessation of smoking. 

When bladder eaneer is deteeted early (the eaneer is eonfined 
to the bladder), the survival rate is 94%, whereas, if it is deteeted 
late (after it has spread to other areas), the survival rate is 6%. 
Unfortunately, early deteetion of urinary bladder eaneer is espe- 
eially ehallenging due to its rapid growth rate. Frequently, blood in 
the urine is a symptom but, because this symptom is also assoei- 
ated with other, less serious problems, it tends to be ignored. 

Seientists are investigating ways to deteet urinary bladder 
eaneer early and noninvasively. Currently, urinary bladder eaneer 
tests sereen for abnormal eells; the bladder is visually examined 
with a eatheter in a proeess ealled eystoseopy (sis-tos'kó-pè). New 
tests that hold promise include a urine test that measures the lev- 
els of an enzyme ealled telomerase, present in nearly all human 
eaneer eells. Measurements of telomerase levels are espeeially 
promising for the deteetion of urinary bladder eaneer because 
telomerase levels are measurable earlier in urinary bladder eaneer 
than in many other eaneers. 


51 What are the functions of the ureters, urinary bladder, and 
urethra? Deseribe the epithelium and smooth muscle forming 
their walls. 

52 What is the function of the internal and external urethral sphineters? 
Are they under voluntary or involuntary eontrol? 


Urine Flow Throngh the Nephron 
and Ureters 

Capsular hydrostatie pressure averages 10 mm Hg in the Bowman 
capsule and nearly 0 mm Hg in the renal pelvis. This pressure gradient 
forees the filtrate to flow from the Bowman capsule through the neph- 
ron into the renal pelvis. Urine moves through the ureters as a result of 
peristaltie eontraetions. The peristaltie waves progress from the region 
of the renal pelvis to the urinary bladder and occur from every few 
seeonds to every 2—3 minutes. Parasympathetie stimulation inereases 
their frequency, and sympathetie stimulation deereases it. 

The peristaltie ureter eontraetions ean generate pressures in excess 
of 30 mm Hg, which moves urine into the urinary bladder. Where the 
ureters penetrate the urinary bladder, they course obliquely through the 
bladder wall. Pressure inside the urinary bladder eompresses that part of 
the ureter to prevent the backflow of urine. 

When no urine is present in the urinary bladder, internal pres- 
sure is about 0 mm Hg. When the volume is 100 mL of urine, pres- 
sure is elevated to only 10 mm Hg. Pressure inereases slowly as 
bladder volume inereases to approximately 300 mL, but above 
400 mL the pressure rises rapidly. 

Kidney Stones 

Kidney stones are hard objeets iisiially found in the renal pelvis 
of the kidney.They are normally 2-3 mm in diameter, with a smooth 
or a jagged surface. About 1% of all autopsies reveal kidney stones, 
and many of the stones occur without causing symptoms.The symp- 
toms assoeiated with kidney stones occur when a stone passes into 
the ureter, resulting in intense referred pain down the baek, side, and 
groin area.The ureter eontraets around the stone, causing the stone 
to irritate the epithelium and produce bleeding. Kidney stones ean 
also bloek the ureter, cause ulceration in the ureter, and inerease the 
probability of baeterial infeetions. 

About 65% of all kidney stonesare eomposed of calcium oxylate 
mixed with calcium phosphate, 15% are magnesium ammonium 
phosphate, and 10% are uric aeid or eystine. The cause of kidney 
stones is usually obscure. Predisposing eonditions include a eoneen- 
trated urine and an abnormally high calcium eoneentration in the 
urine, although the cause of the high calcium eoneentration is usu- 
ally unknown. Magnesium ammonium phosphate stones are often 
found in people with recurrent kidney infeetions, and uric aeid 
stones often occur in people suffering from gout. Severe kidney 
stones must be removed surgically. Lithotripsy (lith'ó-trip-se), the 
use of instruments that pulverize kidney stones with ultrasound or 
lasers, however, has replaeed most traditional surgical procedures. 


53 What causes urine to flow from the Bowman capsule to the ureter? 

What causes urine to move through the ureter to the urinary bladder? 

Micturition Reflex 

The mietiirition (mik-ehoo-rish'íin) reflex is emptying of the uri- 
nary bladder aetivated by streteh of the urinary bladder wall. As the 
bladder fills with urine, pressure inereases and streteh reeeptors in the 
wall of the bladder are stimulated. Aetion potentials are conducted 
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Figlire 23.18 Micturition Reflex ap 



1. Urine in the urinary bladder stretehes the 
bladder wall. 

2. Aetion potentials produced by streteh 
reeeptors are earried along pelvie nerves 

(,green line) to the saeral region of the spinal 
eord. 

3. Aetion potentials are earried by 
parasympathetie nerves (red line) to eontraet 
the smooth muscles of the urinary bladder. 

4. Aseending pathways earry an inereased 
frequency of aetion potentials up the spinal 
eord to the pons and cerebrum when the 
urinary bladder beeomes stretehed.This 
inereases the conscious urge to urinate. 

5. Deseending pathways earry aetion potentials 
to the saeral region of the spinal eord to 
tonieally inhibit the micturition reflex, 
preventing automatic urination when the 
bladder is full. Deseending pathways faeilitate 
the reflex when streteh of the urinary bladder 
produces the conscious urge to urinate.This 
reinforees the micturition reflex. 

6. The brain voluntarily eontrols the external 
urethral sphineter through somatie motor 
nerves ( purple ), causing the sphineter to 
relax or eonstriet. 


Saeral region 
of spinal eord 


Somatie 

motor 

nerves 



from the bladder to the saeral region of the spinal eord through the 
pelvie nerves. Integration of the reflex occurs in the spinal eord, and 
aetion potentials are conducted along parasympathetie nerve fibers to 
the urinary bladder. Parasympathetie aetion potentials cause the uri- 
nary bladder to eontraet (figure 23.18). The external urethral sphine- 
ter is tonieally eontraeted as a result of stimulation from the somatie 
motor nervous system. A strong micturition reflex ean inhibit that 
tonie eontraetion, causing the external urethral sphineter to relax. 
This is the normal way in which the urinary bladder empties in 
infants before they learn bladder eontrol. 

The micturition reflex occurs automatically, but it ean be inhib- 
ited or faeilitated by higher eenters in the brain. The higher brain 
eenters prevent micturition by sending aetion potentials through the 


spinal eord to deerease the intensity of the autonomic reflex that 
stimulates urinary bladder eontraetions and to stimulate nerve fibers 
that keep the external urethral sphineter eontraeted. The ability to 
inhibit micturition develops at the age of 2-3 years. 

When the desire to urinate exists, the higher brain eenters alter 
aetion potentials sent to the spinal eord to faeilitate the micturition 
reflex and relax the external urethral sphineter (see figure 23.18). 
Awareness of the need to urinate occurs because streteh of the urinary 
bladder stimulates sensory nerve fibers that inerease aetion potentials 
earried to the brain by aseending traets in the spinal eord. Irritation 
of the urinary bladder or the urethra by baeterial infeetions or by 
other eonditions ean also initiate the urge to urinate, even though the 
bladder is nearly empty. 
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eiinieal 



Renal failiire ean result from any 
eondition that interferes with kidney func- 
tion. Acute renal failure occurs when kidney 
damage is extensive and leads to the accu- 
mulation of urea in the blood and to aeidosis. 
In eomplete renal failure, death ean occur in 
1-2 weeks. Acute renal failure ean result from 
acute glomemlar nephritis, or it ean be caused 
by damage to or bloekage of the renal 
tubules. Some poisons, such as mercuric ions 
or earbon tetraehloride, which are eommon 
to eertain industrial proeesses, cause neerosis 
of the nephron epithelium. If the damage 
does not interrupt the basement membrane 
surrounding the nephrons, extensive regen- 
eration ean occur within 2-3 weeks. Severe 
isehemia assoeiated with circulatory shoek 
resulting from sympathetie vasoeonstrietion 
of the renal blood vessels ean cause neerosis 
of the epithelial eells of the nephron. 

ehronie renal failure results when so 
many nephrons are permanently damaged 
that the nephrons that remain functional 
eannot adequately eompensate. Diabetie 
nephropathy (ne-frop'à-thé) is a disease of 
the kidney assoeiated with diabetes melli- 
tus, and it is the prineipal cause of ehronie 
renal failure. It damages renal glomeruli and 
ultimately results in the destmetion of func- 


Renal Failure 

tional nephrons through progressive sear 
tissue formation, which is mediated in part 
by an inflammatory response. Chronic renal 
failure ean also result from ehronie glomeru- 
lar nephritis, trauma to the kidneys, the 
absenee of kidney tissue caused by eongeni- 
tal abnormalities, tumors, urinary traet ob- 
struction by kidney stones, damage resulting 
from pyelonephritis (inflammation of the renal 
pelvis), and severe arterioselerosis of the renal 
arteries. 

In ehronie renal failure, the glomerular 
filtration rate is dramatieally reduced, and the 
kidney is unable to excrete excess excretory 
products, including eleetrolytes and meta- 
bolie waste products. The accumulation of 
solutes in the body fluids causes water reten- 
tion and edema. Potassium levels in the 
extracellular fluid are elevated, and aeidosis 
occurs because the distal convoluted tubules 
and eolleeting ducts eannot excrete suffìcient 
quantities of K + and H + . Aeidosis, elevated 
potassium levels in the body fluids, and the 
toxic effeets of metabolie waste products 
cause mental confusion, eoma, and fìnally 
death when ehronie renal failure is severe. 

Hemodialysis (hè'mò-dT-ari-sis) is used 
when a person is suffering from severe acute 
or ehronie kidney failure. The procedure sub- 


stitutes for the excretory functions of the kidney. 
Hemodialysis is based on blood flow through 
tubes eomposed of a seleetively permeable 
membrane. Blood is usually taken from an artery, 
passed through the tubes of the dialysis maehine, 
and then returned to a vein (figure A). On the out- 
side of the dialysis tubes is a fluid, ealled dialysis 
fluid, that eontains the same eoneentration of sol- 
utes as normal plasma except for the metabolie 
waste products. As a consequence, the metabolie 
wastes diffuse from the blood to the dialysis fluid. 
The dialysis membrane has pores that are too 
small to allow plasma proteins to pass through 
them and, because the dialysis fluid eontains the 
same benefieial solutes as the plasma, the net 
movement of these substances is zero. 

Peritoneal (per'i-tò-nè'àI) dialysis is some- 
times used to treat people suffering from kidney 
failure.The prineiples by which peritoneal dialysis 
works are the same as those for hemodialysis.The 
dialysis fluid flows through a tube inserted into 
the peritoneal eavity, where the viseeral perito- 
neum and parietal peritoneum aet as the dialysis 
membrane. Waste products diffuse from the 
blood vessels beneath the peritoneum, aeross 
the peritoneum, and into the dialysis fluid. 

Kidney transplants are sometimes per- 
formed on people who suffer from severe 
renal failure. Usually, the donor has suffered 


t Automatic, Noneontraeting, and 

Hyperexcitable Llrinary Bladder 

If the spinal eord is damaged above the saeral region, no micturition 
reflex exists for a time; however, if the urinary bladder is emptied 
frequently, the micturition reflex eventually beeomes adequate to 
cause it to empty. Some time is generally required for the micturition 
reflex integrated within the spinal eord to begin to operate. A typieal 
micturition reflex ean exist, but there is no conscious eontrol over its 
onset or duration.This eondition is ealled the aiitomatie bladder. 

Damagetothesaeral region ofthespinal eord ortothe nervesthat 
earry aetion potentials between the spinal eord and the urinary bladder 
ean result in failure of the urinary bladder to eontraet, although the 
external urethral sphineter is relaxed. As a result, the micturition reflex 
eannot occur.The bladder fills to eapaeity, and urine is foreed in a slow 
dribble through the external urethral sphineter. 

In elderly people and in patients with damage to the brainstem 
or spinal eord, a loss of inhibitory aetion potentials to the saeral 
region of the spinal eord ean occur. Without inhibition, the saeral 
eenters are hyperexcitable, and even a small amount of urine in the 
bladder ean elieit an uncontrollable micturition reflex. 


54 Deseribe the micturition reflex. How is voluntary eontrol of 
micturition aeeomplished? 

23.6 Effeets of Aging on 

the Kidneys 

Aging causes a gradual deerease in the size of the kidneys, beginning as 
early as age 20, beeoming obvious by age 50, and continuing until 
death. Tbe loss of kidney size appears to be related to ehanges in the 
blood vessels of the kidney. Tbe amount of blood flowing through the 
kidneys gradually deereases. Small arteries, including the afferent and 
efferent arterioles, beeome irregular and twisted. Functional glomemli 
are lost. By age 80, 40% of the glomemli are not ffinetioning. Some 
nephrons and eolleeting ducts beeome thieker, shorter, and more 
irregular in stmemre. The eapaeity to seerete and absorb deelines, and 
whole nephrons stop ffmetioning. The kidney’s ability to eoneentrate 
urine gradually deelines. Evenmally, ehanges in the kidney inerease the 
risk for dehydration because of the kidney’s reduced ability to produce 
a eoneentrated urine. There is also a deereased ability to eliminate uric 
aeid, urea, ereatine, and toxins from the blood. 
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an aeeidental death and had granted permis- 
sion to have his or her kidneys used for trans- 
plantation. An attempt is made to mateh the 
immune eharaeteristies of the donor and 
reeipient to reduce the tendeney for the reeip- 
ient's immune system to rejeet the trans- 
planted kidney. Even with careful matehing, 


however, reeipients have to take mediea- 
tion for the rest of their lives to suppress 
their immune systems so that rejeetion is 
less likely. The major cause of kidney trans- 
plant failure is rejeetion by the reeipient's 
immune system. In most eases, the trans- 
planted kidney functions well, and the ten- 


deney for the reeipient's immune system 
to rejeet the transplanted kidney ean be 
eontrolled. 



ANATOMY & PHYSIOLOGY 
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Figlire A Hemodialysis 

During hemodialysis, blood flows through a system of tubes eomposed of a seleetively permeable membrane. Dialysis fluid flows in the opposite direetion on the 
outside of the dialysis tubes.The eomposition of the dialysis fluid is similar to that of normal blood, except the eoneentration of waste products is very low. Waste 
products, such as urea, diffuse from the blood into the dialysis fluid.There is no net exchange of substances, such as Na + and K + , that have the same 
eoneentrations in the blood and dialysis fluid. 


An age-related loss of responsiveness to ADH and to aldosterone 
occurs. The kidneys deerease renin seeretion. A reduced ability to 
partieipate in vitamin D synthesis occurs, which contributes to Ca 2+ 
defieieney, osteoporosis, and bone fractures. 

Reeall that one-third of one kidney is required to maintain 
homeostasis. Tfie additional kidney tissue beyond this constitutes a 
reserve eapaeity. Tfie age-related ehanges in the kidney cause a reduc- 
tion in the kidneys reserve eapaeity. As the fimetional kidney mass is 
reduced substantially in older people, high blood pressure, athero- 
selerosis, and diabetes have greater adverse effeets. 

55 Deseribe the effeet of aging on the kidneys. Why do the kidneys 
gradually deerease in size? 

23.7 Body Flllids 

Life depends on many complex and highly regulated ehemieal 
reaetions, all of which occur in water. Many of these reaetions are 
eatalyzed by enzymes that ean function only within a narrow 
range of eonditions. Changes in the total amount of water, the 
pH, or the eoneentration of speeifie eleetrolytes ean alter the 


ehemieal reaetions on which life depends. Homeostasis requires 
the maintenanee of these parameters within a narrow range of 
values, and the failure to maintain homeostasis ean result in illness 
or death. 

The kidneys, along with the respiratory, integumentary, and 
gastrointestinal systems, regulate water volume, eleetrolyte eoneen- 
trations, and pH. Tfie nervous and endoerine systems eoordinate the 
aetivities of these systems. 

For an adult male, approximately 60% of the total body weight 
eonsists of water. For an adult female, approximately 50% of the 
total body weight is water (table 23.2). Tfie fraetion of the bodys 
weight eomposed of water deereases as the amount of adipose tissue 
inereases because the water eontent of adipose tissue is relatively low. 
A smaller pereentage of the body weight of the adult female eonsists 
of water because females generally have a greater pereentage of body 
fat than males. 

For people of all ages and body eompositions, the two major 
fluid eompartments are the intracellular and extracellular fluid eom- 
partments. The intracellular fluid eompartment includes the fluid 
inside the several trillion eells of the body. The intracellular fluid 
from all eells has a similar eomposition, and it accounts for approxi- 
mately two-thirds of the bodys water. 
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Table 23.2 


Approximate Volumes of Body Fluid eompartments* 



Total Body Water 

lntracellular Fluíd 

Plasma 

Extracellular Fluid 

Interstitial Fluid 

Total 

Infants 

75 

45 

4 

26 

30 

Adult Males 

60 

40 

5 

15 

20 

Adult Females 

50 

35 

5 

10 

15 

V — 







*Expressed as pereentage of body weight. 


The extracellular fluid eompartment includes all the fluid 
outside the eells, constituting approximately one-third of the body’s 
water. The extracellular fluid eompartment is divided into subcom- 
partments. The largest subcompartments are the plasma within 
blood vessels and the interstitial fluid. The interstitial fluid is the 
fluid between eells and, for simplieity, includes the lymph in the 
lymphatie vessels. A small portion of the extracellular fluid volume is 
separated by membranes into subcompartments. These speeial sub- 
eompartments eontain fluid with a eomposition different from that 
of the remainder of the extracellular fluid. Included among the sub- 
eompartments are the aqueous and vitreous humor of the eye, eere- 
brospinal fluid, synovial fluid in joint eavities, serous fluid in the 
body eavities, and fluid seereted by glands. 

Although the fluid eontained in eaeh extracellular fluid sub- 
eompartment differs somewhat in eomposition from that in the 
others, continuous and extensive exchange occurs between the 
subcompartments. Water moves from one subcompartment to 
another, and small molecules and ions are either transported or 
difftise freely between them. Large molecules, such as proteins, are 
much more restrieted in their movement because of the permeabil- 
ity eharaeteristies of the membranes that separate the fluid 
subcompartments. 

Edema 

Edema is an example of a fluid shift from the plasma to the inter- 
stitial fluid. Edema eommonly results from an inerease in the perme- 
ability of the eapillary walls due to inflammation, which allows 
proteins to diffuse from the plasma into the interstitial fluid. Water 
moves in the same direetion by osmosis. Edema ean also result from 
a ehange in the hydrostatie pressure aeross eapillary walls. An 
inereased hydrostatie pressure in eapillaries due to the bloekage of 
veins or heart failure forees fluid from plasma into the interstitial 
spaees (see ehapter 18). 


56 Define intracellular fluid and extracellular fluid eompartments. 
Deseribe the extracellular fìuid subcompartments. 

57 Deseribe the movement of water, ions, and molecules between body 
fluid eompartments. 


23.8 Regulation of ntracellular 

Fluid eomposition 

The eomposition of intracellular fluid is substantially different from that 
of extracellular fluid. The intracellular fluid eontains a relatively high 
eoneentration of ions, such as K + , magnesium (Mg 2+ ), phosphate 
(P 04 3- ), and sulfate ions (S 04 2- ), eompared with the extracellular 
fluid. It has a lower eoneentration of Na + , Ca 2+ , Cl“, and HC 03 _ 
than that of the extracellular fluid. The eoneentration of protein in the 
intracellular fluid is also greater than that in the extracellular fluid. 

Plasma membranes, which separate the two eompartments, are 
seleetively permeable—they are relatively impermeable to proteins 
and other large molecules and have limited permeability to smaller 
molecules and ions. Consequently, most large molecules synthesized 
within eells, such as proteins, remain within the intracellular fluid. 
Some substances, such as eleetrolytes, are aetively transported aeross 
the plasma membrane, and their eoneentrations in the intracellular 
fluid are determined by the transport proeesses and by the eleetrieal 
eharge differenee aeross the plasma membrane (figure 23.19). 

Water movement aeross the plasma membrane occurs by osmo- 
sis. Thus, the net movement of water is affeeted by ehanges in the 
eoneentration of solutes in the extracellular and intracellular fluids. 
For example, as dehydration develops, the eoneentration of solutes in 
the extracellular fluid inereases, resulting in the movement of water 
by osmosis from the intracellular fluid into the extracellular fluid. If 
dehydration is severe, enough water moves from the intracellular 
fluid to cause the eells to fimetion abnormally. If water intake 
inereases after a period of dehydration, the eoneentration of solutes 
in the extracellular fluids deereases, which results in the movement of 
water baek into the eells. 

58 Compare the eomposition of intracellular and extracellular fìuids. 

59 What faetors determine the eomposition of intracellular fluid? How does 
water move between the intracellular and extracellular eompartments? 

23.9 Regulation of Body Fluid 

eoneentration and Volume 

VVater input 

The body’s water eontent is regulated so that the total volume of 
water in the body remains eonstant. Thus, the volume of water taken 
into the body is equal to the volume lost eaeh day. The total volume 
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1. Large organie molecules, such as proteins, 
which eannot eross the plasma membrane, 
are synthesized inside eells and influence 
the eoneentration of solutes inside the eells. 


2. The transport of ions, such as Na + , K + , and 
Ca 2+ , aeross the plasma membrane 
influences the eoneentration of ions inside 
and outside the eell. 


3. An eleetrieal eharge differenee aeross the 
plasma membrane influences the distribution 
of ions inside and outside the eell. 


4. The distribution of water inside and outside the 
eell is determined by osmosis. 


Extracellular fluid 


o Large organie 

molecules 


Q lon transport 

(e.g., Na + , K + , Ca 2+ ) 


differenee 



Plasma 

membrane 


© Eleetrieal eharge 


Nucleus 


Q Water moves by osmosis 


Proeess Figure 23.19 Regulation of intracellular Fluid 


Table 23.3 


Sources of Water 

Routes by Which Water Is Lost 

Ingestion (90%) 

Urine (61%) 

Cellular metabolism (10%) 

Evaporation (35%) 

Perspiration 

Insensible 

Sensible 

Respiratory passages 

Feees (4%) 


J 


of water entering the body eaeh day is 1500—3000 mL. Approximately 
90% of that volume eomes from ingested fluids and the water within 
food, and approximately 10% is derived from the water produced 
during cellular metabolism (table 23.3). 

The sensation of thirst is influenced by habit and by soeial settings. 
The sensation of thirst, however, is primarily stimulated by an inerease 
in the osmolality of the extracellular fluids and from a reduction in 
plasma volume. These stimuli are part of regulatory meehanisms 
involved with maintaining blood osmolality and pressure. Osmo- 
reeeptors within the thirst eenter of the hypothalamus ean deteet an 
inereased extracellular fluid osmolality and initiate aetivity in neural 
circuits, resulting in a conscious sensation of thirst (figure 23.20). 

Baroreeeptors ean also influence the sensation of thirst. When 
they deteet a substantial deerease in blood pressure, aetion potentials 
are conducted to the brain along sensory neurons to influence the 
sensation of thirst. Deereased blood pressure also stimulates inereased 
renin seeretion, which leads to inereased angiotensin II production. 
Angiotensin II stimulates inereased thirst. Low blood pressure assoei- 


inereased osmolality or large 
deerease in blood pressure 


inereased 

thirst 



Hypothalamus 



Figlire 23.20 Effeet of Blood Osmolality and Pressiire on 

Water Intake 

inereased blood osmolality affeets hypothalamie neurons, and large deereases 
in blood pressure affeet baroreeeptors in the aortie areh, earotid sinuses, and 
atrium. As a result of these stimuli, an inerease in thirst results, which inereases 
water intake. inereased water intake reduces blood osmolality. 


ated with hemorrhagie shoek, for example, is eorrelated with an 
intense sensation of thirst. 

When people who are dehydrated drink water, they eventually 
consume a quantity sufficient to reduce the osmolality of the extra- 
cellular fluid to its normal value. They do not normally consume the 
water all at onee. Instead, they drink intermittently until the proper 
osmolality of the extracellular fluid is established. The thirst sensation 
is temporarily reduced after the ingestion of small amounts of liquid. 
At least two faetors are responsible for this temporary intermption of 
the thirst sensation. First, when the oral mucosa beeomes wet after it 
has been dry, sensory neurons conduct aetion potentials to the thirst 
eenter of the hypothalamus and temporarily deerease the sensation of 
thirst. Seeond, consumed fluid inereases the gastrointestinal traet 
volume, and streteh of the gastrointestinal wall initiates sensory 
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aetion potentials in streteh reeeptors. The sensory neurons conduct 
aetion potentials to the thirst eenter of the hypothalamus, where they 
temporarily suppress the sensation of thirst. Because the absorption 
of water from the gastrointestinal traet requires time, meehanisms 
that temporarily suppress the sensation of thirst prevent the eon- 
sumption of extreme volumes of fluid that would exceed the amount 
required to reduce blood osmolality. A longer-term suppression of 
the thirst sensation results when the extracellular fluid osmolality and 
blood pressure are within their normal ranges. 

Learned behavior ean be very important in avoiding periodie 
dehydration through the consumption of fluids either with or with- 
out food, even though blood osmolality is not reduced. The volume 
of fluid ingested by a healthy person usually exceeds the minimum 
volume required to maintain homeostasis, and the kidneys eliminate 
the excess water in urine. 

60 What are the sources of the body's water? 

61 List three faetors that inerease thirst. Name two faetors that inhibit 
the sense of thirst. 

Water Output 

Water loss from the body occurs through three routes (see table 
23.3). The greatest amount of water, approximately 61%, is lost 
through the urine. Approximately 33% of water loss occurs through 
evaporation of water from respiratory passages and the skin. 
Approximately 4% is lost in the feees. 

The volume of water lost through the respiratory system 
depends on the temperature and humidity of the air, body tempera- 
ture, and the volume of air expired. Water lost through the skin is 
ealled insensible perspiration and it plays a role in heat loss. For 
eaeh degree that the body temperature rises above normal, an 
inereased volume of 100—130 mL of water is lost eaeh day in the 
form of insensible perspiration. 

Sweat, or sensible perspiration, is seereted by the sweat glands; 
in eontrast to insensible perspiration, it eontains solutes. Sweat 
resembles extracellular fluid in its eomposition, with sodium ehloride 
as the major eomponent, but it also eontains some potassium, 
ammonia, and urea. The volume of fluid lost as sweat is negligible for 
a person at rest in a eool environment. The volume of sweat pro- 
duced is determined primarily by neural meehanisms regulating 
body temperamre, although some sweat is produced as a result of 
sympathetie stimulation in response to stress. During exercise, ele- 
vated environmental temperature, or fever, the volume inereases 
substantially and plays an important role in heat loss. Sweat losses of 
8—10 L/day have been measured in outdoor workers in the summer. 

Relatively little water is lost by way of the digestive traet. 
Although the total volume of fluid seereted into the gastrointesti- 
nal traet is large, nearly all the fluid is reabsorbed under normal 
eonditions (see figure 21.30). Severe vomiting and diarrhea, how- 
ever, are exceptions and ean result in a large volume of fluid loss. 

The kidneys are the primary organs that regulate the eomposition 
and volume of body fluids by eontrolling the volume and eoneentra- 
tion of water excreted in the form of urine. Urine production varies 
greatly, ranging from a small volume of eoneentrated urine to a large 
volume of dilute urine in response to the meehanisms that regulate 
the bodys water eontent. The meehanisms that respond to ehanges in 


extracellular fluid osmolality and extracellular fluid volume keep the 
total body water levels within a narrow range of values. 

62 Deseribe three routes for the loss of water from the body. Contrast 
insensible and sensible perspiration. 

63 What are the primary organs that regulate the eomposition and 
volume of body fluids? 




Mary Thon runs several miles eaeh day. List the meehanisms through which 
water loss ehanges during her run. 


Regulation of Extracellular 
Fluid Osmolality 

Adding water to, or removing water from, body fluids maintains 
their osmolality between 285 and 300 mOsm/kg. 

An inerease in the osmolality of the extracellular fluid triggers thirst 
and antidiuretic hormone (ADH) seeretion. Consumed water is 
absorbed from the intestine and enters the extracellular fluid. ADH aets 
on the distal convoluted tubules and eolleeting ducts of the kidneys to 
inerease the reabsorption of water from the filtrate. The inerease in the 
amount of water entering the extracellular fluid causes a deerease in 
osmolality (figure 23.21). The ADH and thirst meehanisms are sensi- 
tive to even small ehanges in extracellular fluid osmolality and the 
response is fast (from minutes to a few hours). Larger inereases in extra- 
cellular fluid osmolality, such as during dehydration, result in an even 
greater inerease in thirst and ADH seeretion. 

A deerease in extracellular fluid osmolality inhibits thirst and 
ADH seeretion. Less water is consumed and reabsorbed from the 
filtrate in the kidneys. Consequently, more water is lost as a large 
volume of dilute urine. The result is an inerease in the osmolality of 
the extracellular fluid (see figure 23.21). For example, consumption 
of a large volume of water in a beverage results in reduced extracel- 
lular fluid osmolality. This results in reduced ADH seeretion, less 
reabsorption of water from the filtrate in the kidneys, and the pro- 
duction of a large volume of dilute urine. This response occurs 
quickly enough that the osmolality of the extracellular fluid is main- 
tained within a normal range of values. 

64 What two meehanisms are triggered by an inerease in the osmolality 
of the extracellular fluid? 

65 Deseribe how thirst and ADH regulate extracellular fluid osmolality 
when extracellular fluid osmolality inereases and deereases. 

Regulation of Extracellular 
Fluid Volume 

The volume of extracellular fluid ean inerease or deerease even if the 
osmolality of the extracellular fluid is maintained within a narrow 
range of values. Neural and hormonal meehanisms regulate extracel- 
lular fluid volume (figure 23.22). 

When blood volume (pressure) deereases, regulatory meehanisms 
inerease blood volume (pressure). Blood volume is inereased by 
inereasing the sensation of thirst, deereasing the glomemlar filtration 
rate, and inereasing the reabsorption of Na + and water in the distal 
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Osmoreeeptors in the hypothalamus 
deteet the inerease in blood osmolality 
The posterior pituitary inereases ADH 
seeretion and the sensation of thirst 
inereases. 


The permeability of the distal convoluted 
tubules and eolleeting ducts to water 
inereases and less water is lost in the urine. 


Fluid intake by drinking inereases. 



Blood osmolality inereases: 

Homeostasis Disturbed 


Blood osmolality deereases 

Homeostasis Restored 
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Osmoreeeptors in the hypothalamus deteet 
the deerease in blood osmolality. The 
posterior pituitary deereases ADH seeretion 
and the sensation of thirst deereases. 


The permeability of the distal convoluted 
tubules and eolleeting ducts to water 
deereases and more water is lost in the urine. 


Fluid intake by drinking deereases 






Homeostasis Figure 23.21 Summary of Blood Osmolality Regulation 


convoluted tubules and eolleeting ducts. inereasing the sensation of 
thirst results in drinking fluids and the addition of water to the extra- 
cellular fluid eompartment. Deereasing the glomemlar filtration rate 
deereases urine production and eonserves water. inereasing the reab- 
sorption of Na + and water results in the movement of Na + and water 
into the blood (see figure 23.22). 

When blood volume (pressure) inereases, regulatory meeha- 
nisms deerease blood volume (pressure). Blood volume is deereased 
by deereasing the sensation of thirst, inereasing the glomemlar 
filtration rate, and deereasing the reabsorption of Na + and water in 
the distal convoluted tubules and eolleeting ducts. Deereasing the 
sensation of thirst results in the deereased input of water to the extra- 
cellular fluid eompartment. inereasing the glomemlar filtration rate 
inereases urine production, which inereases water loss. Deereasing 


the reabsorption of Na + and water results in the inereased loss of Na + 
and water in the urine (see figure 23.22). 

66 What neural and hormonal meehanisms regulate blood volume? 

67 Deseribe how thirst, glomemlar filtration rate, and the reabsorption 
of Na + and water regulate blood volume (pressure) when blood 
volume (pressure) deereases and inereases. 


Prediet 



ln response to hemorrhagie shoek, the kidneys produce a small volume of eon- 


eentrated urine. Deseribe the meehanisms responsible. How do they help 


maintain homeostasis? 












































752 


ehapter 23 


f 





Renin-angiotensin-aldosterone meehanism: 

The juxtaglomerular apparati deerease renin 
seeretion, which deereases blood angiotensin II 
aldosterone levels. 


and 


Atrial natriuretic hormone (ANH) meehanism: 

Atrial eardiae muscle eells inerease ANH seeretion. 


Antidiuretic hormone (ADH) meehanism: 

• The posterior pituitary gland deereases ADH 
seeretion. 

• The hypothalamus deereases the sensation of thirst 

Sympathetie division response: 

Deereased stimulation of renal arterioles. 



Water intake deereases. 

Deereased angiotensin II deereases thirst. 


Water lost in the urine inereases: 

• Deereased aldosterone and inereased ANH 
deerease Na + reabsorption from urine, 
resulting in inereased Na + and water loss in 
urine. 

• Deereased ADH deereases water reabsorption 
by the kidneys. 

• Vasodilation of renal arterioles inereases 
glomemlar filtration rate, and more water is lost 
in the urine. 


Blood volume (pressure) inereases. 

Homeostasis Disturbed 


Blood volume (pressure) deereases 

Homeostasis Restored 






Renin-angiotensin-aldosterone meehanism: 

The juxtaglomerular apparati inerease renin seeretion, 
which inereases blood angiotensin II and aldosterone 
levels. 


Atrial natriuretic hormone (ANH) meehanism: 

Atrial eardiae muscle eells deerease ANH seeretion. 


Antidiuretic hormone (ADH) meehanism: 

• The posterior pituitary gland inereases ADH 
seeretion. 

• The hypothalamus inereases the sensation of thirst 

Sympathetie division response: 

inereased stimulation of renal arterioles. 


CD 0 

E o) 



Water intake inereases. 

inereased angiotensin II stirrmlates thirst. 


Water lost in the urine deereases: 

• inereased aldosterone and deereased ANH 
inerease Na + reabsorption from urine, 
resulting in deereased Na + and water loss in 
urine. 

• inereased ADH inereases water reabsorption 
by the kidneys. 

• Vasoeonstrietion of renal arterioles 
deereases glomemlar filtration rate, and less 
water is lost in the urine. 




Homeostasis Figure 23.22 summary of Blood volume Regulation 

For more information on the renin-angiotensin-aldosterone meehanism, see figure 23.15; on the atrial natriuretic hormone meehanism, see figure 23.16; on the 
antidiuretic hormone meehanism, see figure 23.14; on the thirst meehanism, see figure 23.20. 
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23.10 Regulation of Speeifie 

Eleetrolytes in the 
Extracellular Fluid 

Eleetrolytes (è-lek'trò-llts) are ions or moleetiles with an eleetrie 
eharge. The major extracellular ions are Na + , Cl _ , K + , Ca 2+ , Mg 2+ , 
and phosphate ions. The ingestion of eleetrolytes in food and water 
adds them to the body, whereas organs—such as the kidneys and, to 
a lesser degree, the liver, skin, and lungs—remove them from the 
body. The eoneentrations of eleetrolytes in the extracellular fluid are 
regulated so that they do not ehange unless the individual is growing, 
gaining weight, or losing weight. The regulation of eaeh eleetrolyte 
involves the eoordinated partieipation of several organ systems. 

Regulation of Sodium lons 

Sodium ions (Na + ) are the major eations (positively eharged ions) in 
the extracellular fluid. In the United States, the quantity of Na + 
ingested eaeh day is 20—30 times the amount needed. Less than 0.3 g 
is required to maintain homeostasis, but the average individual ingests 
approximately 10—13 g of sodium ehloride daily. Regulation of the 
Na + eontent in the body usually involves the excretion of excess quan- 
tities of Na + . When the Na + intake is very low, however, the meeha- 
nisms for eonserving Na + in the body are effeetive. 

The kidneys are the major route by which Na + are excreted. 
Aldosterone and ANH regulate Na + excretion (see figures 23.16 and 
23.17). Aldosterone stimulates the reabsorption of Na + from filtrate, 
whereas ANH stimulates inereased Na + excretion. Aldosterone is by 
far more important than ANH in Na + regulation. Reabsorption of 
Na + from the distal convoluted tubules and eolleeting ducts is very 
effieient, and few Na + are lost in the urine when aldosterone is present. 
As little as 0.1 g of sodium is excreted in the urine eaeh day in the 
presenee of high blood levels of aldosterone. When aldosterone is 
absent, Na + reabsorption in the nephron is greatly reduced, and as 
much as 30—40 g of sodium ean be lost in the urine daily. 

Sodium ions are also excreted from the body in sweat. Normally, 
only a small quantity of Na + is lost eaeh day in the form of sweat, 
but the amount inereases during heavy exercise in a warm environ- 
ment. The loss of Na + in sweat is rarely physiologieally signifieant. 

Approximately 90%—95% of the osmotie pressure of the extracel- 
lular fluid results from Na + and the anions (negatively eharged ions) 
assoeiated with them. Meehanisms that influence Na + eoneentrations 
in the extracellular fluid also influence the extracellular fluid volume 
and blood pressure because Na + have such a large effeet on the osmotie 
pressure of the extracellular fluid (see figure 23.22). 

Hyponatremia (hí'pò-nà-tré'mè-à) is a below-normal Na + 
eoneentration in the extracellular fluid, and hypernatremia (hl'per- 
nà-trè'mè-à) is an above-normal blood Na + eoneentration in the 
extracellular fluid. The major causes of hyponatremia and hyperna- 
tremia and their symptoms are listed in table 23.4. 

68 How do aldosterone and ANH affeet the eoneentration of Na + in 
the urine? 

69 What role does sweating play in Na + balanee? 

70 How does extracellular Na + affeet blood pressure? 

71 Define hypernatremia and hyponatremia and list their effeets. 


Table 23.4 


Consequences of Abnormal 
Plasma Levels of sod um lons 


Hyponatremia 


Causes lnadequate dietary intake of sodium (rarely causes 

symptoms); ean occur in people on low-sodium diets 
and those taking diuretics 

Extrarenal Na + losses caused by vomiting, sweating, 
prolonged diarrhea, and burns 

Dilution due to intake of large water volume, espeeially 
after excessive sweating 

Hyperglyeemia that attraets water into the circulatory 
system and reduces the eoneentration of Na + 

Symptoms Lethargy, confusion, apprehension, seizures, and eoma 

When aeeompanied by reduced blood volume: reduced 
blood pressure, taehyeardia, and deereased urine output 

When aeeompanied by inereased blood volume: weight 
gain, edema, and distention of veins 

Hypernatremia 

Causes High dietary sodium (rarely causes symptoms) 

Administration of hypertonie saline solutions, such as 
sodium biearbonate treatment for aeidosis 

Overseeretion of aldosterone 

Water loss (e.g., because of fever, respiratory infeetions, 
diabetes insipidus, diabetes mellitus, or diarrhea) 

Symptoms Thirst, fever, dry mucous membranes, restlessness; most 

serious symptoms are convulsions and pulmonary edema 

When occurring with an inereased water volume: weight 
gain, edema, elevated blood pressure, and bounding pulse 


Regulation of ehloride lons 

The predominant anions in the extracellular fluid are ehloride ions 
(ei-) . The eleetrieal attraetion of anions and eations makes it difficult 
to separate these eharged partieles. Consequently, the regulatory 
meehanisms that influence the eoneentration of eations in the extra- 
cellular fluid also influence the eoneentration of anions. The meeha- 
nisms that regulate Na + , K + , and Ca 2+ levels in the body are 
important in influencing Cl“ levels. The meehanisms that regulate 
extracellular Na + eoneentration are the most important because Na + 
are the dominant eation in the extracellular fluid. 

72 What meehanisms regulate Cl _ eoneentrations? 


Regulat on of Potass um lons 

Potassium ions pass freely through the filtration membrane of the renal 
corpuscle. They are reabsorbed in the proximal convoluted tubules (see 
figure 23.9) and seereted in the distal convoluted tubules and eolleeting 
ducts (see figure 23.15). Potassium ion seeretion into the distal eonvo- 
luted tubule and eolleeting duct is highly regulated and is primarily 
responsible for eontrolling the extracellular eoneentration of K + . 

Aldosterone plays a major role in regulating the eoneentration of 
K + in the extracellular fluid (see figures 23.15 and 23.23). Dehydration, 
circulatory system shoek resulting from plasma loss, and tissue damage 
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The adrenal cortex deteets the 
inereased K + levels and inereases 


aldosterone seeretion. 



Effeet of inereased aldosterone: 

inereased seeretion of K + from the 
distal convoluted tubules and 
eolleeting ducts into the urine. 



Blood K + levels inerease: 

Homeostasis Disturbed 


Blood K + levels deerease: 

Homeostasis Restored 


+ 


o 

o 

eo 





The adrenal cortex deteets the 
deereased K + and deereases 
aldosterone seeretion. 


Effeet of deereased aldosterone: 

Deereased seeretion of K + from the 
distal convoluted tubules and eolleeting 
ducts into the urine. 



Homeostasis Figure 23.23 Summary of Blood K + Regulation 


due to injuries, such as severe burns, all cause extracellular K + to beeome 
more eoneentrated than normal. In response, aldosterone seeretion from 
the adrenal cortex inereases and causes K + seeretion to inerease. 

If the K + eoneentration in the extracellular fluid beeomes reduced, 
aldosterone seeretion from the adrenal cortex deereases. In response, the 
rate of K + seeretion by the kidney is reduced (see figure 23.23). 

Hypokalemia (hl'pò-ka-lè'mè-à) is an abnormally low level of 
K + in the extracellular fluid, and hyperkalemia (hi'per-kà-le'me-à) 
is an abnormally high level of K + in the extracellular fluid. The major 
causes of hypokalemia and hyperkalemia and their symptoms are 
listed in table 23.3. 

73 Where are K + seereted in the nephron? 

74 How is the seeretion of K + regulated? 

75 What effeet does an inerease or a deerease in extracellular K + 
eoneentration have on resting membrane potential? 

76 Define hyperkalemia and hypokalemia and list their effeets. 


Regulation of Calcium lons 

The kidneys, intestinal traet, and bones are important in maintain- 
ing extracellular Ca 2+ levels. Almost 99% of total body calcium is 
eontained in bone. Part of the extracellular Ca 2+ regulation involves 
the regulation of Ca 2+ deposition into and resorption from bone 
(see ehapter 6). Long-term regulation of Ca 2+ levels, however, 
depends on maintaining a balanee between Ca 2+ absorption aeross 
the wall of the intestinal traet and Ca 2+ excretion by the kidneys. 

Parathyroid hormone (PTH) is seereted by the parathyroid 
glands (see figure 15.17^). PTH inereases extracellular Ca 2+ 
eoneentration. The rate of PTH seeretion is regulated by the extracel- 
lular Ca 2+ eoneentration (see figure 13.20). An elevated Ca 2+ 
eoneentration inhibits, and a reduced Ca 2+ eoneentration stimu- 
lates, the seeretion of PTH. PTH causes osteoelasts to degrade bone 
and release Ca 2+ into the body fluids. PTH also inereases the rate of 
Ca 2+ reabsorption from the urine by the kidneys and promotes the 
synthesis of aetive vitamin D by the kidneys (see ehapter 5). Aetive 
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Table 23.5 


Consequences of Abnormal 
eoneentrations of Potassium 
lons 


Hypokalemia 


Causes Alkalosis 

lnsulin administration, which promotes cellular uptake of K + 

Reduced K + intake, espeeially with anorexia nervosa and 
aleoholism 

inereased renal loss such as excessive aldosterone seeretion 
(aldosteronism), improper use of diuretics, and kidney 
diseases that result in reduced ability to reabsorb Na + 

Symptoms Deereased neuromuscular excitability and skeletal muscle 

weakness 

Deereased smooth muscle tone 

Delayed ventricular repolarization, bradyeardia, and 
atrioventricular bloek 


Hyperkalemía 


Causes 


Movement of K + from intracellular to extracellular fluid 
resulting from eell trauma (e.g., burns or emshing 
injuries) and alterations in plasma membrane permeability 
(e.g., aeidosis, insulin defieieney, and eell hypoxia) 

Deereased renal excretion of K + , such as in persons with 
Addison disease 


Symptoms 

Mild 


Severe 


inereased neuromuscular irritability and restlessness 

Intestinal eramping and diarrhea 

Rapid eardiae repolarization 

Muscle weakness, loss of muscle tone, and paralysis 

Reduced rate of aetion potential conduction, arrhythmias, 
and eardiae arrest 


vitamin D inereases Ca 2+ uptake from the small intestine. Vitamin 
D ean also be obtained in the food. 

Calcitonin (kal-si-tó'nin) is seereted by the thyroid gland (see 
figure 15.17). Calcitonin reduces the blood Ca 2+ eoneentration when 
it is too high. An elevated blood Ca 2+ eoneentration causes the thy- 
roid gland to seerete ealeitonin, and a low blood Ca 2+ eoneentration 
inhibits ealeitonin seeretion (see figure 15.20). Calcitonin inhibits 
osteoelasts, which reduces the rate at which bone is broken down and 
deereases the release of Ca 2+ from bone. 

Hypoealeemia (hl'pó-kal-sè'mè-à) is a below-normal level of 
Ca 2+ in the extracellular fluid, and hyperealeemia (hl'per-kal- 
sè'mè-à) is an above-normal level of Ca 2+ in the extracellular fluid. 
Table 23.6 lists the major causes and symptoms of hypoealeemia 
and hyperealeemia. 

77 Deseribe three ways by which parathyroid hormone regulates the 
extracellular Ca 2+ eoneentration. 

78 Deseribe the role of ealeitonin in the regulation of extracellular Ca 2+ 
eoneentration. 

79 Define hyperealeemia and hypoealeemia and list their effeets. 


Table 23.6 


Consequences of Abnormal 
eoneentrations of Calcium 


Hypoeakemia 



Causes Nutritional defieieneies 

Vitamin D defieieney 

Deereased parathyroid hormone seeretion 

Malabsorption of fats, which reduces vitamin D absorption 

Bone tumors that inerease Ca 2+ deposition 

Symptoms inereased neuromuscular excitability causes confusion, 

muscle spasms, hyperreflexia, and intestinal eramping 

Severe neuromuscular excitability causes convulsions, 
tetany, and inadequate respiratory movements 

Prolonged eardiae ventricular depolarization 

Reduced absorption of phosphate from the intestine 


Hypereakemia 

Causes Excessive parathyroid hormone seeretion 

Excess vitamin D 

Symptoms Deereased membrane excitability causes fatigue, 

weakness, lethargy, anorexia, nausea, and eonstipation 

Reduced eardiae ventricular repolarization 

Kidney stones 


Regulation of Other lons 

Other ions, such as phosphate ions (PO 4 3- ), sulfate ions (SO 4 2- ), 
and magnesium ions (Mg 2+ ), are reabsorbed by aetive transport in 
the kidneys. The rate of reabsorption is slow so that, if the eoneentra- 
tion of these ions in the filtrate exceeds the nephron’s ability to reab- 
sorb them, the excess is excreted into the urine. As long as the 
eoneentration of these ions is low, nearly all of them are reabsorbed 
by aetive transport. 

23.11 Regulation of Aeid-Base 

Balanee 

Hydrogen ions affeet the aetivity of enzymes and interaet with many 
eleetrieally eharged molecules. Consequently, most ehemieal reae- 
tions within the body are highly sensitive to the H + eoneentration of 
the fluid in which they occur. The maintenanee of the H + eoneentra- 
tion within a narrow range of values is essential for normal metabolie 
reaetions. The H + eoneentration is determined by aeids and bases in 
the body. 

Aeids are substances that release H + into a solution; bases bind to 
H + and remove them from solution. Many bases release hydroxide ions 
(OH - ), which reaet with H + to form water (H^O). Aeids and bases are 
eategorized as either strong or weak. Strong aeids and strong bases eom- 
pletely dissoeiate to form ions in solution. For example, hydroehlorie 
aeid is a strong aeid that eompletely dissoeiates to form H + and Cl - . 

HC1 -+ H + + Cl“ 

Therefore, for every HC1 added to a solution, one H + is added. 
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Weak aeids and bases do not dissoeiate eompletely in solution. 
Most of the weak aeid or base molecules remain intaet and only a few 
of them dissoeiate. For example, earbonie aeid (H 2 C0 3 ) is a weak 
aeid. When it is dissolved in water, the following equilibrium is 
established in which some of the earbonie aeid molecules dissoeiate to 
form biearbonate ions (HC 03 _ ) and H + . 

H 2 C0 3 +2 HC0 3 - + H“ 

Even though many earbonie aeid molecules are added to a solution, 
only a few of them dissoeiate. Therefore, there is little ehange in solu- 
tion H + eoneentration and pH. Weak aeids are eommon in living 
systems, and they play important roles in preventing large ehanges in 
body fluid pH. 

Buffer systems, the respiratory system, and the kidneys work 
together and play essential roles in the regulation of aeid-base balanee 
(figure 23.25). When pH ehanges, buffer systems respond almost 
instantaneously, the respiratory system responds within a few minutes, 
and the kidneys respond within hours to days. The kidneys have the 
greatest eapaeity to return pH to its preeise range of normal values. 

80 Define aeid and base. 

81 Deseribe weak aeids and bases. Why are weak aeids important in 
living systems? 

82 Compare the rate at which the buffer system, respiratory system, and 
kidneys eontrol body fìuid pH. Which system has the greatest 
eapaeity to eontrol body fluid pH? 

Buffer Systems 

BufFers (buf erz) resist ehanges in the pH of a solution (see ehapter 2). 
Buffers within body fluids stabilize the pH by ehemieally binding to 
excess H + when H + are added to a solution or by releasing H + when 
the H + eoneentration in a solution begins to fall. 

Several important buffer systems fimetion together to resist ehanges 
in the pH of body fluids. The earbonie aeid/biearbonate buffer system, 
proteins, phosphate compounds, and ammonia fimetion as buffers. 

83 Define buffer. 

earbonie Aeid/Biearbonate Buffer System 

The earbonie aeid/biearbonate buffer system depends on the equilib- 
rium between H2C0 3 and the H + and HC0 3 “. When an aeid is 
added to a solution eontaining the earbonie aeid/biearbonate buffer 
system, a large proportion of the H + released from the aeid binds to 
HC0 3 “ to form H2C0 3 , and only a small pereentage remains as free 
H + . Thus, a large deerease in pH is resisted by the earbonie aeid/ 
biearbonate buffer system. 

When a base is added to a solution eontaining the earbonie aeid/ 
biearbonate buffer system, the base binds to H + . As the H + are 
removed by the base, additional H + are formed from H2C0 3 , which 
prevents a large inerease in pH. 

The earbonie aeid/biearbonate buffer system plays an important 
role in regulating the extracellular pH. It quickly responds to the addi- 
tion of substances such as earbon dioxide or laetie aeid produced by 
inereased metabolism during exercise (see ehapter 20) and inereased 
fatty aeid and ketone body production during periods of elevated fat 


metabolism (see ehapter 22). It also responds to the addition of basie 
substances, such as large amounts of NaHC0 3 consumed as an antaeid. 

Protein Buffer System 

Intracellular proteins and plasma proteins form a large pool of pro- 
tein molecules that aet as buffer molecules. They provide approxi- 
mately three-fourths of the buffer eapaeity of the body. Hemoglobin 
in red blood eells is one of the most important intracellular proteins. 
Other intracellular molecules, such as histone proteins assoeiated 
with nucleic aeids, also aet as buffers. The eapaeity of proteins to 
fiinetion as buffers is due to the fiinetional groups of amino aeids. 
The carboxyl (—COOH) groups aet as weak aeids and the amine 
(—NH^) groups aet as weak bases. When the H + eoneentration 
inereases, H + bind to the amine groups and, when the H + eoneen- 
tration deereases, H + are released from the carboxyl groups. 

Phosphate Buffer System 

Dihydrogen phosphate (H2PO4-) is a weak aeid that dissoeiates to 
form H + and hydrogen phosphate (HPO4 2 ). 

h 2 po 4 _ ^ H + + HPO 4 2 - 

Hydrogen phosphate is an important non-biearbonate buffer in side 
eells and in the filtrate (see “Adding or Deleting HC0 3 _ ,” p. 759). 
Phosphate-eontaining molecules, such as DNA, RNA, and ATP, are 
important intracellular buffers. 

Ammonia Buffer System 

Ammonium (NH4 + ) is a weak aeid that dissoeiates to form H + and 

ammonia (NH 3 ). 

nh 4 + ^ h + + nh 3 

Ammonia is an important non-biearbonate buffer in the filtrate (see 

“Adding or Deleting HC0 3 _ ,” p. 759). 

84 Deseribe the buffer systems of the body. 

Respiratory Regulation of 
Aeid-Base Balanee 

The respiratory system regulates aeid-base balanee by influencing the 
earbonie aeid/biearbonate buffer system. Carbon dioxide (C0 2 ) 
reaets with water (H 2 0) to form earbonie aeid (H 2 C0 3 ), which dis- 
soeiates to form H + and HC0 3 “. 

h 2 o + co 2 e h 2 co 3 42 h- + hco 3 - 

This reaetion is in equilibrium. As earbon dioxide eoneentration 
inereases, earbon dioxide eombines with water. The higher the eoneen- 
tration of earbon dioxide, the greater the amount of H 2 C0 3 formed. 
The H 2 C0 3 molecules then dissoeiate to form H + and HC0 3 “, which 
deereases blood pH. If earbon dioxide levels deeline, however, the reae- 
tion shifts in the opposite direetion so that many H + and HC0 3 “ eom- 
bine to form H 2 C0 3 , which then forms earbon dioxide and water. Thus, 
H + and HC0 3 _ deerease in the solution, which inereases blood pH. 

The reaetion between earbon dioxide and water is eatalyzed by an 
enzyme, earbonie anhydrase, which is found on the surface of eapil- 
lary epithelial eells (figure 23.26). This enzyme does not influence 











Buffers: 

Protein buffers release H 


+ 


Respiratory system: 

The medullary respiratory eenter causes a 
deerease in the rate and depth of 
respiration. 

Kidneys: 

• The distal convoluted tubules and 
eolleeting ducts deerease H + seeretion 
into the filtrate, which deereases HC03“ 
movement into the blood. 

• The eolleeting ducts aetively seerete 
HC03", and some filtered HC03“ passes 
out in the urine. 


Liver: 

The liver deereases the production and 
release of glutamine into the blood. 


Protein buffers add H + to the blood. 


Carbon dioxide and water add H + to the 
blood by eombining to form earbonie aeid, 
which dissoeiates to form H + and HC03 _ . 

• The respiratory system restores 
(inereases) earbon dioxide levels by 
deereasing respiration. 

• The kidneys restore (deerease) HC03 _ 
levels by deereasing HC03 _ reabsorption 
from the filtrate, deereasing production of 
HC03 _ from glutamine, and inereasing the 
loss of HC03 _ in the urine. 





Blood pH inereases (H + decreases): 

Homeostasis Disturbed 


Blood pH deereases (H + inereases): 

Homeostasis Restored 






Buffers: 

Protein buffers bind H 


+ 


Respiratory system: 

The medullary respiratory eenter causes an 
inerease in the rate and depth of 
respiration. 


Kidneys: 

The distal convoluted tubules and eolleeting 
ducts inerease H + seeretion into the filtrate, 
which inereases HC03 _ movement into the 
blood. 


Liver: 

The liver inereases the production and 
release of glutamine into the blood. 



Protein buffers remove H + from the blood. 


Biearbonate ions remove H + from the blood 
when they eombine with H + to form earbonie 
aeid, which then forms earbon dioxide and 
water. 

• The respiratory system restores 
(deereases) blood earbon dioxide levels 
by inereasing respiration. 

• The kidneys restore (inerease) HC03 _ 
levels by inereasing the reabsorption of 
HC03 _ from the filtrate and inereasing the 
production of HC03 _ from glutamine. 


Non-biearbonate buffers in the filtrate 
eombine with excreted H + , which is lost in 
the urine. 






Homeostasis Figure 23.24 summary of Aeid-Base Balanee Regulation 

For more information on the respiratory system, see figure 23.25; on the kidneys, see figure 23.27. 
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1. Carbon dioxide reaets with H 2 0 to 
form H 2 C0 3 . An enzyme, earbonie 
anhydrase, found in red blood eells 
and on the surface of blood vessel 
epithelium, eatalyzes the reaetion. 
Biearbonate ion dissoeiates to form 
H + and HC0 3 - . An equilibrium is 
quickly established. 


2 . A deereased pH of the extracellular 
fluid stimulates the respiratory 
eenter and causes an inereased 
rate and depth of respiration. 


Capillary 




Respiratory 


r in 
stem 


Deereased 

pH 


3. An inereased rate and depth of 
respiration causes C0 2 to be 
expelled from the lungs, thus 
reducing the extracellular C0 2 
levels. As C0 2 levels deerease, the 
extracellular eoneentration of H + 
deereases, and the extracellular 
fluid pH inereases. 


Proeess Figure 23.25 Respiratory Regulation of Body 

Fluid Aeid-Base Balanee 



Lungs 


Y 

inereased C0 2 
expelled from the lungs 


equilibrium but aeeelerates the rate at which the reaetion proeeeds in 
either direetion so that equilibrium is aehieved quickly. 

Deereases in body fluid pH, regardless of the cause, stimulate neu- 
rons in the respiratory eenter in the brainstem and cause the rate and 
depth of ventilation to inerease. The inereased rate and depth of ventila- 
tion cause earbon dioxide to be eliminated from the body through the 
lungs at a greater rate, and the eoneentration of earbon dioxide in the 
body fluids deereases. As earbon dioxide levels deeline, the eoneentra- 
tion of H + deereases, which inereases body fìuid pH (see figure 23 . 26 ). 

inereases in body fluid pH, regardless of the cause, inhibit neurons 
in the respiratory eenter in the brainstem and cause the rate and depth 
of ventilation to deerease. The deereased rate and depth of ventilation 
cause less earbon dioxide to be eliminated from the body through the 
lungs. The eoneentration of earbon dioxide in the body fluids inereases 
because earbon dioxide is continually produced as a by-product of 
metabolism in all tissues. As earbon dioxide levels inerease, the eoneen- 
tration of H + inereases, which deereases body fluid pH. 

85 What effeet does an inerease or a deerease in blood C0 2 levels have 
on blood pH? Explain howthis happens. 

86 What effeet does deereased or inereased pH have on respiration? 

How does this ehange in respiration affeet blood pH? 




Llnder stressful eonditions, some people hyperventilate. What effeet does the 
rapid rate of ventilation have on blood pH? Explain why a person who is hyper- 
ventilating may benefit from breathing into a paper bag. 


Renal Regulation of Aeid- 
Base Balanee 

The key to understanding aeid—base regulation by the kidneys is 
total-body HC03 _ eontent. If H + are added to the blood, eaeh H + 
eombines with a HC03 _ to form H^OO^, which beeomes earbon 
dioxide and water. The earbon dioxide is eliminated by the respira- 
tory system, which maintains eonstant earbon dioxide levels. Thus, 
when pH deereases (H + eoneentration inereases), for eaeh H + enter- 
ing the blood a HC03 _ is lost. In order to maintain the total-body 
HC03 _ eontent, the HC03 _ must be replaeed. That replaeement 
takes plaee in the kidneys. 

Conversely, if H + are removed from the blood, earbon dioxide 
and water eombine to form H^eO^, which beeomes H + and 
HC03 _ . The earbon dioxide is replaeed by the respiratory system. 
Thus, when pH inereases (H + eoneentration deereases), for eaeh H + 
lost from the blood a HC03 _ is gained. In order to maintain the 
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1. Carbon dioxide and water eombine to 
form H 2 C0 3 that dissoeiates to form H + 
and HC0 3 _ . 

2. Hydrogen ions are seereted into the 
filtrate in exchange for Na + by antiport. 

3 . Hydrogen ions eombine with FIC0 3 _ to 
form H 2 C0 3 . The H + and HC0 3 _ have 
been removed from the filtrate. 

4 . Carbonic aeid beeomes earbon dioxide 
and water. 

5. Carbon dioxide diffuses into the tubule 
eell. The earbon dioxide ean generate 
additional H + and HC0 3 _ . 

6. Biearbonate ions are transported with 
Na + into the interstitial fluid by symport. 
They diffuse to the peritubular eapillary. 

7 . For eaeh H + seereted into the filtrate 
(step 2), a HC0 3 _ has been removed 
from the filtrate (step 3) and a HC0 3 _ has 
been added to the blood. 



<0 Symport 
Antiport 



C0 2 + h 2 o^h 2 co 3 ^h + + hco 3 _ 


Peritubular 

eapillary 


Interstitial 

fluid 

Basolateral 

membrane 


Apieal 

membrane 


Filtrate 


Tubule 

eell 


Proeess Figure 23.26 Reabsorption of hco 3 ~ 

As the extracellular pH deereases, the rates of H + seeretion and HC0 3 _ reabsorption inerease. 


total-body HC03 _ eontent, the HC03 _ must be lost. That loss 
takes plaee in the kidneys. 

Kidney regulation of total-body HC03 _ eontent involves two 
proeesses: ( 1 ) reeovering filtered HC03 _ and ( 2 ) adding HC03 _ to, 
or deleting HC03 _ from, the blood. 

Reeovering Filtered HC0 3 - 

Biearbonate ions freely pass through the filtration membrane, and 
the eoneentration of HC03 _ in the filtrate is the same as in the 
blood. If this HC03 _ were lost in the urine, total-body HC03 _ 
eontent would quickly be depleted and the ability to regulate blood 
pH would be lost. In order to maintain the status quo, all of the fil- 
tered HC03 _ must be reeovered. This reeovery proeess is not a 
eonventional proeess in which HC03 _ are direetly transported aeross 
the apieal membranes of tubule eells. Instead, it involves the produc- 
tion inside tubule eells of H + and HC03 _ from earbon dioxide and 
water, followed by the seeretion of H + into the filtrate and the trans- 
port ofHC 0 3 - into the blood. 

Approximately 80 % of HC 0 3 - reabsorption occurs in the proxi- 
mal convoluted tubules, 15 % in the aseending limb of the loop of 
Henle and distal convoluted tubules, and 5 % in the eolleeting ducts. 
Carbonic anhydrase within tubule eells promotes earbon dioxide and 
water to form H 2 C 0 3 , which beeomes H + and HC 0 3 - (figure 
23 . 27 ). The H + are then seereted from the eell. Depending on the eell, 
different methods of seereting H + are used. In the proximal eonvo- 


luted tubules, an antiporter exchanges H + for Na + aeross the apieal 
membrane of the eells. This is the major means by which Na + are 
reabsorbed from the filtrate. 

The seereted H + eombine with filtered HC 0 3 - to form 
H 2 C 0 3 . Carbonic anhydrase assoeiated with the mierovilli of the 
tubule eells promotes the eonversion of H2C0 3 to earbon dioxide 
and water. The earbon dioxide diffhses into the tubule eell and is 
used to produce additional H + and HC 0 3 - . A filtered HC 0 3 - is 
removed from the filtrate when it eombines with a seereted H + , and 
the seereted H + does not ehange the pH of the filtrate because it 
eombines with filtered HC 0 3 - to beeome water. 

For every H + seereted into the filtrate, a HC 0 3 - is added to 
the blood. The movement of earbon dioxide into the tubule eell 
results in the production of H + and HC 0 3 - . The H + are seereted 
into the filtrate and the HC 0 3 - and Na + are symported aeross the 
basolateral membrane and diffhse to the peritubular eapillaries. 
Through H + seeretion, all of the filtered HC 0 3 - ean be reeovered 
from the filtrate. 

Adding or Deleting HC0 3 - 

The proeess of H + seeretion that results in the reabsorption of 
HC 0 3 - and the maintenanee of total-body HC 0 3 - eontent ean 
also be used to lose H + from the body and add new HC 0 3 - to the 
blood. The key differenee between reabsorbing filtered HC 0 3 - and 
generating new HC 0 3 - is the fate of the seereted H + . By the time 
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The normal pH value of the body 
fluids is betvveen 7.35 and 7.45. When the 
pH value of body fluids is belovv 7.35, the 
eondition is ealled aeidosis (as-i-dò'sis); 
vvhen the pH is above 7.45, it is ealled alka- 
losis (al'kà-ló'sis). 

Metabolism produces aeidie products 
that lovver the pH of the body fluids. For 
example, C0 2 is a by-product of metabolism, 
and C0 2 eombines vvith vvater to form 
H 2 C0 3 . Also, laetie aeid is a product of anaer- 
obie metabolism, protein metabolism pro- 
duces phosphorie and sulfuric aeids, and 
lipid metabolism producesfatty aeids.These 
aeidie substances must continuously be 
eliminated from the body to maintain pH 
homeostasis. The failure to eliminate the 
aeidie products of metabolism results in aei- 
dosis.The excess elimination of aeidie prod- 
ucts of metabolism results in alkalosis. 

The major effeet of aeidosis is depres- 
sion of the eentral nervous system. When 
blood pH falls belovv 7.35, the eentral ner- 
vous system malfunctions and the individ- 
ual beeomes disoriented and possibly 
eomatose as the eondition vvorsens. 

A major effeet of alkalosis is hyperexcit- 
ability of the nervous system. Peripheral 
nerves are affeeted first, resulting in sponta- 
neous nervous stimulation of muscles. 
Spasms, tetanie eontraetions, and possibly 
extreme nervousness or convulsions result. 
Severe alkalosis ean cause death as a result 
of tetany of the respiratory muscles. 


Aeidosis and Alkalosis 

Although buffers help resist ehanges in 
the pH of body fluids, the respiratory system 
and the kidneys regulate the pH of the body 
fluids. Malfunctions in either the respiratory 
system or the kidneys ean result in aeidosis 
or alkalosis. 

Aeidosis and alkalosis are eategorized 
by the cause of the eondition. Respiratory 
aeidosis or respiratory alkalosis results 
from abnormalities in the respiratory sys- 
tem. Metabolie aeidosis or metabolie 
alkalosis results from all causes other than 
abnormal respiratory functions. 

Inadequate ventilation of the lungs 
causes respiratory aeidosis (table A). The 
rate at vvhieh C0 2 is eliminated from the 
body fluids through the lungs falls. This 
inereases the eoneentration of C0 2 in the 
body fìuids. As C0 2 levels inerease, C0 2 
reaets vvith vvater to form H 2 C0 3 . Carbonic 
aeid forms H + and HC0 3 _ . The inerease in 
H + eoneentration causes the pH of the body 
fìuids to deerease. If the pH of the body flu- 
ids falls belovv 7.35, the symptoms of respi- 
ratory aeidosis beeome apparent. 

Buffers help resist a deerease in pH, and 
the kidneys help eompensate for the failure 
of the lungs to prevent respiratory aeidosis 
by inereasing the rate at vvhieh they seerete 
H + into the filtrate and reabsorb HC0 3 _ . 
The eapaeity of buffers to resist ehanges in 
pH ean be exceeded, hovvever, and a period 
of 1-2 days is required for the kidneys to 
beeome maximally functional. Thus, the 


kidneys are not effeetive if respiratory aeidosis 
develops quickly. The kidneys are very effee- 
tive if respiratory aeidosis develops slovvly or if 
it lasts long enough forthe kidneys to respond. 
For example, the kidneys eannot eompensate 
for respiratory aeidosis occurring in response 
to a severe asthma attaek that begins quickly 
and subsides vvithin hours. If, hovvever, respira- 
tory aeidosis results from emphysema, vvhieh 
develops over a long time, the kidneys play a 
signifìeant role in helping eompensate. 

Respiratory alkalosis results from hyperven- 
tilation of the lungs (see table A).This inereases 
the rate at vvhieh C0 2 is eliminated from the 
body fluids and results in a deerease in the eon- 
eentration of C0 2 in the body fìuids. As C0 2 lev- 
els deerease, H + reaet vvith HC0 3 _ to form 
H 2 C0 3 .The H 2 C0 3 form H 2 0 and C0 2 .The result- 
ing deerease in the eoneentration of H + causes 
the pH ofthe bodyfluidsto inerease. Ifthe pH of 
body fluids inereases above 7.45, the symptoms 
of respiratory alkalosis beeome apparent. 

The kidneys help eompensate for respira- 
tory alkalosis by deereasing the rate of H + seere- 
tion into the fìltrate and the rate of HC0 3 ~ 
reabsorption. If an inerease in pH occurs, the 
kidneys need 1 -2 days to compensate.Thus, the 
kidneys are not effeetive if respiratory alkalosis 
develops quickly. They are very effeetive, hovv- 
ever, if respiratory alkalosis develops slovvly. For 
example, the kidneys are not effeetive in eom- 
pensating for respiratory alkalosis that occurs in 
response to hyperventilation triggered by emo- 
tions, vvhieh usually begins quickly and subsides 


the filtrate reaehes the eolleeting duct, almost all of the HC03 _ has 
been reeovered. Hydrogen ions seereted into the eolleeting duct ean 
eombine with non-biearbonate bases and be eliminated in the urine. 
The HC03 _ produced inside the eolleeting duct from earbon diox- 
ide and water are added to the blood. They represent a gain of new 
HC03 _ because they are generated in addition to the HC03 _ pro- 
duced when HC03 _ are reabsorbed from the filtrate. 

Distal convoluted tubule and eolleeting duct eells direetly regu- 
late aeid balanee by inereasing the rate of H + seeretion into the fil- 
trate and the rate of new HC03 _ formation (figure 23 . 28 ). A 
deerease in blood pH occurs when H + are added to the blood. The 
H + eombine with HC03 _ to form H 2 C03, which inereases blood 
pH baek toward normal levels by removing the H + . This proeess, 
however, eliminates a HC03 _ , which has to be replaeed. The 
H 2 C03 is eonverted to earbon dioxide and water. The earbon 


dioxide diffuses into tubule eells and is eonverted to H 2 C03, which 
dissoeiates to form H + and HC03 _ . A H + pump aetively seeretes 
H + into the filtrate. Hydrogen phosphate (HPO4 2- ) and ammonia 
(NH3) are the major non-biearbonate bases in the filtrate. Hydrogen 
ions eombine with them and are eliminated in the urine. The H + 
pump ean only reduce filtrate pH to approximately 4 . 5 . It is essen- 
tial that the H + be removed by buffers; otherwise, the ability of the 
kidneys to eliminate H + would be reduced. Meanwhile, in the 
tubule eells the HC03 - produced from earbon dioxide and water 
are exchanged for Cl - by an antiporter in the basolateral mem- 
brane. The HC03 - enter the blood and replaee the HC03 - lost 
when H + were added to the blood. 

Protein metabolism in the liver also adds new HC03 - to the 
blood. Proteins are broken down to amino aeids, which are eon- 
verted into urea and the amino aeid glutamine. The urea and 
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vvithin minutes or hours. If alkalosis results, hovv- 
ever, from staying at a high altitude over a 2- or 
3-day period, the kidneys play a signifieant role 
in helping eompensate. 

Metabolie aeidosis results from all eondi- 
tions that deerease the pH of the body fluids 
belovv 7.35, vvith the exception of eonditions 
resulting from altered function of the respira- 
tory system (see table A). As H + accumulate in 
the body fluids, buffers first resist a deeline in 
pH. If the buffers eannot eompensate for the 
inerease in H + , the respiratory eenter helps reg- 
ulate body fluid pH.The reduced pH stimulates 
the respiratory eenter, vvhieh causes hyperven- 
tilation. During hyperventilation, C0 2 is elimi- 
nated at a greater rate. The elimination of C0 2 
also eliminates excess H + and helps maintain 
the pH ofthe bodyfluids vvithin a normal range. 

If metabolie aeidosis persists for many hours 
and if the kidneys are functional, the kidneys ean 
also help eompensate for metabolie aeidosis by 
seereting H + at a greater rate and inereasing the 
rate of HC0 3 _ reabsorption. The symptoms of 
metabolie aeidosis appear if the respiratory and 
renal systems are not able to maintain the pH of 
the body fluids vvithin its normal range. 

Metabolie alkalosis results from all eondi- 
tions that inerease the pH of the body fluids 
above 7.45, vvith the exception of eonditions 
resulting from altered function of the respira- 
tory system. As H + deerease in the body fluids, 
buffers fìrst resist an inerease in pH. If the buf- 
fers eannot eompensate for the deerease in H + , 
the respiratory eenter helps regulate body fluid 


Table A 


Aeidosis and Alkalosis 


Aeidosis 

Respiratory Aeidosis 

Reduced elimination of C0 2 from the body fluids 
Asphyxia 

Hypoventilation (e.g., impaired respiratory eenter function due to trauma, tumor, shoek, or renal failure) 
Advaneed asthma 
Severe emphysema 

Metabolie Aeidosis 

Elimination of large amounts of HC0 3 _ resulting from mucous seeretion (e.g., severe diarrhea and 
vomiting of lovver intestinal eontents) 

Direet reduction of body fluid pH as aeid is absorbed (e.g., ingestion of aeidie drugs, such as aspirin) 

Production of large amounts of fatty aeids and other aeidie metabolites, such as ketone bodies (e.g., 
untreated diabetes mellitus) 

lnadequate oxygen delivery to tissue, resulting in anaerobie respiration and laetie aeid buildup (e.g., 
exercise, heart failure, or shoek) 

Alkalosis 

Respiratory Alkalosis 

Reduced C0 2 levels in the extracellular fluid (e.g., hyperventilation due to emotions) 

Deereased atmospherie pressure reduces oxygen levels, vvhieh stimulates the ehemoreeeptor reflex 
(e.g., causes hyperventilation at high altitudes) 

Metabolie Alkalosis 

Elimination of H + and reabsorption of HC0 3 “ in the stomaeh or kidney (e.g., severe vomiting or 
formation of aeidie urine in response to excess aldosterone) 

Ingestion of alkaline substances (e.g., large amounts of sodium biearbonate) 


pH. The inereased pH inhibits respiration. 
Reduced respiration allovvs C0 2 to accumu- 
late in the body fluids. Carbon dioxide 
reaets vvith vvater to produce H 2 C0 3 . If met- 
abolie alkalosis persists for several hours 
and if the kidneys are functional, the kid- 


neys reduce the rate of H + seeretion to help 
reverse alkalosis (see table A). 



AIMATOMY & PHYSIOLOGY 


glutamine are released into the blood and beeome part of the fil- 
trate. Tbe urea is eliminated in the urine, but the glutamine is taken 
up by proximal convoluted tubule eells and eonverted into NH4 + 
and HC03 _ . Tbe HC 0 3 “ enter the blood and are a source of new 
HC 0 3 “ (as opposed to HC 0 3 “ reeovered from the filtrate). 
Approximately 50 % of the new HC 0 3 “ produced daily is derived 
from glutamine. Tbe amount of HC 0 3 “ generated from glutamine 
ean be regulated. When pH deereases, liver eells inerease their pro- 
duction of glutamine and proximal convoluted tubules inerease 
their breakdown of glutamine. As a result, the amount of HC 0 3 “ 
generated from glutamine ean inerease to over 10 times normal 
levels when the blood beeomes very aeidie and deerease to zero 
when the blood is very alkaline. The NH4 + produced from gluta- 
mine are released into the filtrate. Thus, the NH4 + in the filtrate 
are derived from two sources, both of which are involved with gen- 


erating new HC 0 3 “: the buffering of H + by NH 3 and the metab- 
olism of glutamine. 

Distal convoluted tubule and eolleeting duct eells direetly regulate 
aeid balanee by deereasing the rate of H + seeretion into the filtrate and 
the rate of new HC 0 3 “ formation. An inerease in blood pH occurs 
when a base is added to the blood because H + eombine with the base 
and are removed from solution. When H + levels deerease, additional 
H + and HC 0 3 “ are produced from earbon dioxide and water. The 
result is the addition of HC 0 3 “, which must be eliminated. The kid- 
neys aeeomplish this task in two ways. First, they allow some of the 
filtered HC 0 3 “ to pass through to the urine. Seeond, some of the eells 
in the eolleeting duct ean aetively seerete HC 0 3 “ formed from earbon 
dioxide and water. These eells have Cl“—HC 0 3 _ antiporters in their 
apieal membranes and H + pumps in their basolateral membranes and 
operate in the opposite fashion of eells that seerete H + into the filtrate. 









Integumentary 

System 


Skeletal 

System 


Muscular 

System 


Effeets of the llrinary System 
on Other Systems 

Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 

Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 

Kidneys aetivate vitamin D, which 
inereases the absorption of the calcium 
and phosphoms neeessary for bone 
growth and maintenanee 

Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 


Effeets of Other Systems on the 
llrinary System 

Prevents water loss 

Removes very small amount of waste 
products 

Thoraeie eage proteets the kidneys 
Pelvis proteets the urinary bladder 


Controls voluntary urination 

Pelvie floor muscles support the urinary 
bladder 


Nervous 

System 


Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 


Controls emptying of the bladder 
Regulates renal blood flow 




Endoerine 

System 



Cardiovascular 

System 


Removes waste products 

Helps maintain the bodys pH, ion, and 
water balanee 

Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 

Erythropoietin from the kidneys 
stimulates red blood eell production 


Antidiuretic hormone, renin-angiotensin— 
aldosterone meehanism, and atrial 
natriuretic hormone regulate blood 
volume and eleetrolyte balanee 

Maintenanee of blood pressure is 
neeessary for filtration 

Delivers oxygen, nutrients, hormones, 
and immune eells 

Removes earbon dioxide, waste products, 
and toxins 


Lymphatie 
System and 
lmmunity 


Respiratory 

System 


I 


Digestive 

System 




Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 

Regulates pH, which is a major stimulus 
affeeting respiration rate and depth 

Removes waste products 

Helps maintain the body’s ion and water 
balanee 

Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 


Immune eells provide proteetion against 
mieroorganisms and toxins and 
promote tissue repair by releasing 
ehemieal mediators 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH by 
regulating earbon dioxide levels 

Provides nutrients 

The liver eonverts vitamin D precursor 
from the skin to a form of vitamin D 
that ean be eonverted by the kidneys to 
aetive vitamin D 


Reproductive 

System 


Removes waste products 

Helps maintain the body’s pH, ion, and 
water balanee 

LJrethra eommon passageway for sperm 
eells and urine in males 


Developing fetus eompresses the urinary 
bladder 
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1. VVhen blood pH deereases because of 
inereased H + , the H + eombine with HC0 3 
to form H 2 C0 3 . The H + and HC0 3 ~ have 
been removed from the blood. 


2. Carbonic aeid beeomes earbon dioxide 
and water. 




Aetive transport 
O Antiport 
Channel 


3. Carbon dioxide diffuses into the tubule 
eell. Carbon dioxide and water eombine 
to form H 2 C0 3 , which dissoeiates to form 
H + and HC0 3 “. 


4. A H + pump aetively transports H + into 
the filtrate. 


5. Hydrogen ions ean eombine with filtere 


HPO 


2 - 


to form H 2 P0 4 


The H + are 


eliminated from the body in the urine. 


6 . 


Hydrogen ions ean eombine with NH 3 to 
form NH 4 + . The H + are eliminated from 
the body in the urine. 


7. Biearbonate ions are exchanged for Cl 
by antiport. 


8. For eaeh H + seereted into the filtrate 


(step 4), a new HC0 3 has been 
added to the blood. The new HCO, 


3 


replaees, the HC0 3 lost when H + were 


added to the blood (step 1). 


H + (aeid load) o 




O CO„ + H„0 = H„CO„ = H + + HCO 



h 2 po 4 





. 


HPO 


2 - 


J 

ì 


0NH 


+ 


NH 


3 


Peritubular 

eapillary 


Interstitial 

fluid 

Basolateral 

membrane 



Apieal 

membrane 


Filtrate 


Tubule 

eell 


Proeess Figure 23.27 Hydrogen lon seeretion 

The seeretion of H + into the filtrate deereases filtrate pH. As the eoneentration of H + inereases in the filtrate, the ability of tubule eells to seerete additional H + beeomes 
limited. Buffering the H + in the filtrate (steps 5 and 6) deereases their eoneentration and enables tubule eells to seerete additional H + . 


87 For eaeh H + added to, or removed from, the blood, what happens to 

HC0 3 - ? 

88 Deseribe the proeess by which tubule eells reeover filtered HC0 3 _ . 
VVhat is the relationship between a H + seereted into the filtrate and a 
HC0 3 “ entering the blood? 

89 Deseribe the role of non-biearbonate bases and glutamine in adding 
new HC0 3 “ to the blood. 

90 Name two ways in which the kidneys eliminate HC0 3 _ . 


Summary 

23.1 Functions of the llrinary System (p. 722) 

1. The kidneys produce urine, the ureters transport urine to the urinary 
bladder, the urinary bladder stores urine, and the urethra transports 
urine to the outside of the body. 

2. The kidneys eliminate waste; regulate blood volume, blood pressure, 
ion eoneentration, and pH; and are involved with red blood eell and 
vitamin D production. 


Prediet 

Mr. Puffer suffers from severe emphysema. Gas exchange in his lungs is not 
adequate, and he must have a supply of oxygen. His blood earbon dioxide level 
is elevated. Nevertheless, his blood pH is elose to normal. Explain. Also explain 
how his blood biearbonate ion (HC0 3 _ ) level is likely to differ from normal 
values. 


23.2 Kidney Anatomy and Histolog <p. 722 ) 

Loeation and External Anatomy of the Kidneys 

1. The kidneys lie behind the peritoneum on the posterior abdominal wall 
on eaeh side of the vertebral column. 

2. The kidney is surrounded by a renal capsule and adipose tissue and is 
held in plaee by the renal faseia. 

3. The hilum, on the medial side of eaeh kidney, is where blood vessels 
and nerves enter and exit the kidney. 


11 
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internal Anatomy and Histology of the Kidneys 

1. The two layers of the kidney are the cortex and the medulla. 

■ The renal columns extend into the mediilla between the renal pyramids. 

■ The tips of the renal pyramids projeet to the minor ealyees. 

2. The minor ealyees open into the major ealyees, which open into the 
renal pelvis. The renal pelvis leads to the ureter. 

3. The functional unit of the kidney is the nephron. The parts of a 
nephron are the renal corpuscle, the proximal convoluted tubule, the 
loop of Henle, and the distal convoluted tubule. 

■ The renal corpuscle eonsists of a Bowman capsule and a glomerulus. 
Fluid leaves the blood in the glomerulus and enters the Bowman 
capsule. 

■ The nephron empties through the distal convoluted tubule into a 
eolleeting duct. 

■ The eolleeting ducts empty into papillary ducts, which empty into 
minor ealyees. 

4. The Bowman capsule has an outer parietal layer and an inner viseeral 
layer eonsisting of podoeytes. 

3. The filtration membrane eonsists of the endothelium of glomerular 
eapillaries (with fenestrae), a basement membrane, and podoeytes (with 
filtration slits). 

Arteries and veins of the Kidneys 

1. The renal artery enters the kidney and branehes many times, forming 
afferent arterioles, which supply the glomemli. 

2. Efferent arteries from the glomemli supply the peritubular eapillaries 
and vasa reeta. 

3. The peritubular eapillaries and vasa reeta join small veins that eonverge 
to form the renal vein, which exits the kidney. 

4. The juxtaglomerular apparatus eonsists of the granular eells of the afferent 
arteriole and the macula densa (part of the distal convoluted tubule). 

23.3 Llrine Production (p. 728) 

Urine is produced by the proeesses of filtration, tubular reabsorption, and 
tubular seeretion. 

Flltratlon 

1. The glomemlar filtration rate is the amount of filtrate produced per 
minute. 

2. The filtrate is plasma minus blood eells, platelets, and blood proteins. 
Most (99%) of the filtrate is reabsorbed. 

3. Filtration pressure is responsible for filtrate formation. 

■ Filtration pressure is glomerular eapillary pressure minus capsule 
pressure minus blood eolloid osmotie pressure. 

■ Filtration pressure ehanges are primarily caused by ehanges in 
glomerular eapillary pressure. 

Regulation of Glomemlar Filtration Rate 

1. Autoregulation dampens systemie blood pressure ehanges by altering 
afferent arteriole diameter. 

2. Sympathetie stimulation deereases renal blood flow and afferent 
arteriole diameter. 

Tubular Reabsorption 

1. There is a medullary eoneentration gradient from the cortex (300 
mOsm/kg) to the tip of the renal pyramids (1200 mOsm/kg). 

2. The apieal membrane of tubule eells are in eontaet with filtrate, whereas the 
basolateral membranes are in eontaet with interstitial fluid. 

3. Filtrate is reabsorbed by diffhsion, faeilitated diffhsion, aetive transport, 
symport, and antiport from the nephron and eolleeting ducts into the 
peritubular eapillaries and vasa reeta. 

■ The proximal convoluted tubule reabsorbs 63% of filtrate water and 
NaCl (solutes). 


■ The deseending limb of the loop of Henle reabsorbs 15% of filtrate 
water. 

■ The aseending limb of the loop of Henle reabsorbs 25% of filtrate NaCl. 

■ The distal convoluted tubules and eolleeting ducts reabsorb up to 
19% of filtrate water and 9%—10% of filtrate solutes. 

4. Waste products and toxic substances are eoneentrated in the urine. 

Tubular Seeretion 

1. Substances are seereted in the proximal or distal convoluted tubules and 
the eolleeting ducts. 

2. Hydrogen ions, K + , and some substances not produced in the body are 
seereted by antiport meehanisms. 

Summary of ehanges in Filtrate Volume 
and eoneentration 

See figure 23.11. 

Maintaining the Medullary eoneentration Gradient 

1. Maintaining the medullary eoneentration gradient is neeessary for the 
production of eoneentrated urine. 

2. The addition of solutes inereases the medullary interstitial fluid 
eoneentration. 

■ The aseending limb of the loop of Henle adds NaCl, but not water. 

■ Urea eyeles between the eolleeting ducts and the thin segments of 
the loop of Henle. 

3. The vasa reeta is a countercurrent meehanism that removes reabsorbed 
water and solutes without disturbing the medullary eoneentration gradient. 

23.4 Hormonal Regulation of Urine 

eoneentration and volume (p. 738) 

Antidiuretic Hormone 

1. Antidiuretic hormone (ADH) is seereted by the posterior pituitary and 
inereases water permeability in the distal convoluted tubules and 
eolleeting ducts by stimulating the insertion of aquaporin-2 molecules 
into apieal membranes. 

2. ADH regulates blood osmolality by altering water reabsorption. 

■ An inerease in blood osmolality or a signifieant deerease in blood 
pressure stimulates inereased ADH seeretion, which inereases water 
reabsorption. As a result, blood osmolality deereases, blood volume 
and blood pressure inerease, urine eoneentration inereases, and 
urine volume deereases. 

■ A deerease in blood osmolality or a signifieant inerease in blood 
pressure stimulates deereased ADH seeretion, which deereases water 
reabsorption. As a result, blood osmolality inereases, blood volume 
and blood pressure deerease, urine eoneentration deereases, and 
urine volume inereases. 

Renin-Angiotensin-Aldosterone 

1. Renin, produced by the kidneys, causes the eonversion of 
angiotensinogen to angiotensin I. Angiotensin-eonverting enzyme 
eonverts angiotensin I into angiotensin II, which stimulates aldosterone 
seeretion from the adrenal cortex. 

2. Aldosterone affeets Na + , Cl“, K + , and H + transport in the distal 
convoluted tubules and eolleeting ducts by stimulating inereased 
synthesis of enzymes, earrier proteins, and ehannel proteins. 

3. Aldosterone regulates the body’s water eontent by regulating the body’s 
Na + eontent (assuming that ADH maintains blood osmolality). 

■ A deerease in blood pressure results in inereased renin seeretion, 
aldosterone seeretion, Na + reabsorption, blood volume, and blood 
pressure. 

■ An inerease in blood pressure results in deereased renin seeretion, 
aldosterone seeretion, Na + reabsorption, blood volume, and blood 
pressure. 
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Atrial Natriuretic Hormone 

1. Atrial natriuretic hormone (ANH) is produced by the heart when 
blood pressure inereases. 

2. ANH inhibits Na + reabsorption in the kidneys, resulting in inereased 
urine volume and deereased blood volume and blood pressure. 

3. ANH inhibits ADH seeretion and dilates arteries and veins. 

23.5 llrine Movement (p. 743 ) 

Anatomy and Histology of the ureters, urinary 
Bladder, and Urethra 

1. The walls of the ureter and urinary bladder eonsist of the epithelium, the 
lamina propria, a muscular eoat, and a fibrous adventitia. 

■ The transitional epithelium permits ehanges in size. 

■ Contraction of the smooth muscle moves urine. 

2. The urethra is lined with transitional and stratified squamous epithelium. 

■ Males have an internal urethral sphineter of smooth muscle that 
prevents retrograde ejaculation of semen. 

■ An external urethral sphineter of skeletal muscle allows voluntary 
eontrol of urination. 

Llrine FlowThrough the Nephron and Ureters 

1. A pressure gradient causes urine to flow from the Bowman capsule to 
the ureters. 

2. Peristalsis moves urine through the ureters. 

Micturition Reflex 

1. Streteh of the urinary bladder stimulates a reflex that causes the urinary 
bladder to eontraet and inhibits the external urethral sphineter. 

2. Higher brain eenters ean stimulate or inhibit the micturition reflex. 

3. Voluntary relaxation of the external urethral sphineter permits urination 
and eontraetion prevents it. 

23.6 Effeets of Aging on the Kidneys <p. 746) 

1. There is a gradual deerease in the size of the kidney. 

2. The deerease in kidney size is assoeiated with a deerease in renal 
blood flow. 

3. The number of functional nephrons deereases. 

4. Renin seeretion and vitamin D synthesis deerease. 

3. The nephron’s ability to seerete and absorb deelines. 

23.7 Body Fluids (p. 747) 

1. Intracellular fluid is inside eells. 

2. Extracellular fluid is outside eells and includes interstitial fluid and 
plasma. 

23.8 Regulation of lntracellular Fluid 

eomposition <p. 748) 

1. Substances used or produced inside the eell and substances exchanged with 
the extracellular fluid determine the eomposition of intracellular fluid. 

2. Intracellular fluid is different from extracellular fluid because the 
plasma membrane regulates the movement of materials. 

3. The differenee between intracellular and extracellular fluid 
eoneentrations determines water movement. 

23.9 Regulation of Body Fluid Ooneentration 

andVolume <p. 748) 

Water input 

1. Water is ingested (90%) or produced in metabolism (10%). 

2. Habit and soeial setting influence thirst. An inerease in extracellular 
osmolality or a deerease in blood pressure stimulates the sense of thirst. 


3. Wetting of the oral mucosa or streteh of the gastrointestinal traet 
inhibits thirst. 

Water Output 

1. Water is lost through evaporation from the respiratory system and the 
skin (insensible perspiration and sweat) (33%). 

2. Water loss into the gastrointestinal traet normally is small (4%). 

3. The kidneys are the primary regulator of water excretion (61%). 

Regulation of Extracellular 
Fluid Osmolality 

1. An inerease in extracellular fluid osmolality stimulates thirst and ADH 
seeretion, resulting in inereased fluid intake and inereased water 
reabsorption in the kidneys. 

2. A deerease in extracellular osmolality inhibits thirst and deereases ADH 
seeretion, resulting in deereased fluid intake and deereased water 
reabsorption in the kidneys. 

Regulation of Extracellular 
Fluid Volume 

1. Deereased extracellular fluid volume results in inereased aldosterone 
seeretion, deereased ANH seeretion, inereased ADH seeretion, and 
inereased sympathetie stimulation of the afferent arterioles. 
Consequently, thirst inereases, glomerular filtration rate deereases, and 
the reabsorption of Na + and water inereases. 

2. inereased extracellular fluid volume results in deereased aldosterone 
seeretion, inereased ANH seeretion, deereased ADH seeretion, and 
deereased sympathetie stimulation of the afferent arterioles. 
Consequently, thirst deereases, glomemlar filtration rate inereases, 
and the reabsorption of Na + and water deereases. 

23.10 Regulation of speeifie Eleetrolytes in 

the Extracellular Fluid <p. 753 ) 

Eleetrolytes are ions or molecules with a eharge. 

Regulation of Sodium lons 

1. The kidneys are the major route by which Na + is excreted. 

2. Sodium ion excretion is regulated by aldosterone and ANH. 

3. Sodium ions are lost in sweat. 

4. Sodium ions and assoeiation anions are responsible for 90%-95% of 
extracellular osmotie pressure. 

Regulation of ehloride lons 

Chloride ions are the dominant negatively eharged ions in extracellular 
fluid. They are regulated by the meehanisms regulating eations. 

Regulation of Potassium lons 

1. Potassium ions are reabsorbed from the proximal convoluted tubule 
and seereted into the distal convoluted tubule. 

2. Aldosterone inereases the amount of K + seereted. 

Regulation of Calcium lons 

1. Parathyroid hormone inereases extracellular Ca 2+ levels. It inereases 
osteoelast aetivity, inereases calcium reabsorption from the kidneys, and 
stimulates aetive vitamin D production. 

3. Vitamin D stimulates Ca 2+ uptake in the intestines. 

4. Calcitonin deereases extracellular Ca 2+ levels by inhibiting 
osteoelasts. 

Regulation of Other lons 

Other ions, such as phosphate ions (P 04 3- ), sulfate ions (S 04 2- ), and 
magnesium ions (Mg 2+ ), are reabsorbed by aetive transport in the 
kidneys. 
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23.11 Regiilation of Aeid-Base Balanee <p. 755 ) 

1. Aeids release H + into solution, and bases remove them. 

2. Buffers respond almost instantaneously to ehanges in pH, whereas 
the respiratory system takes minutes and the kidneys may take 
hours to days. The kidneys have the greatest ability to regulate pH 
preeisely. 

Buffer Systems 

1. A buffer resists ehanges in pH. 

■ When H + are added to a solution, the buffer removes them. 

■ When H + are removed from a solution, the buffer replaees them. 

2 . Carbonic aeid/biearbonate, proteins, phosphate compounds, and 
ammonia are important buffers. 

Respiratory Regulation of Aeid-Base Balanee 

1. Respiratory regulation of pH is aehieved through the earbonie 
aeid/biearbonate buffer system. 

■ As earbon dioxide levels inerease, pH deereases. 

■ As earbon dioxide levels deerease, pH inereases. 

■ Carbon dioxide levels and pH affeet the respiratory eenters. 

Review and eomprehension 

23.1 Fimetions of the Llrinary System (p. 722 ) 

1. Which of these is not a general ffmetion of the kidneys? 

a. regulation of blood volume 

b. regulation of solute eoneentration in the blood 
e. regulation of the pH of the extracellular fìuid 

d. regulation of vitamin A synthesis 

e. regulation of red blood eell synthesis 

23.2 Kidney Anatomy and Histology <p. 722 ) 

2 . Given these structures: 

1 . adipose tissue 2 . renal capsule 3 . renal faseia 

Choose the order in which they would be encountered from deep to 
superficial. 

a. 1,2,3 b. 2,1,3 e. 2,3,1 d. 3,1,2 e. 3,2,1 

3. The cortex of the kidney eontains the 

a. hilum. e. renal papillae. e. renal pelvis. 

b. glomeruli. d. renal pyramids. 

4. Given these structures: 

1 . major calyx 3 . renal papilla 

2 . minor calyx 4. renal pelvis 

Choose the arrangement that lists the structures in order as urine leaves 
the eolleeting duct and travels to the ureter. 

a. 1,4,2,3 b. 2 , 3 ,1,4 e. 3 , 2 ,1,4 d. 4, 1 , 3,2 e. 4,3,2 ,1 

3. The granular eells of the_and the macula densa eells of 

the_form the juxtaglomerular apparatus. 

a. afferent arteriole, proximal convoluted tubule 

b. afferent arteriole, distal convoluted tubule 

e. efferent arteriole, proximal convoluted tubule 
d. efferent arteriole, distal convoluted tubule 

6 . Given these structures: 

1 . basement membrane 2 . fenestra 3 . filtration slit 

Choose the arrangement that lists the structures in the order a molecule 
of glucose encounters them as the glucose passes through the filtration 
membrane to enter the Bowman capsule. 

a. 1,2,3 b. 2,1,3 e. 2,3,1 d. 3,1,2 e. 3,2,1 


2 . The pH affeets the respiratory eenters. Hypoventilation inereases blood 
earbon dioxide levels, and hyperventilation deereases blood earbon 
dioxide levels. 

■ Deereased pH inereases the rate and depth of respiration, which 
lowers earbon dioxide levels and inereases blood pH. 

■ inereased pH deereases the rate and depth of respiration, which 
inereases earbon dioxide levels and deereases blood pH. 

Renal Regulation of Aeid-Base Balanee 

1. For eaeh H + added to the blood, a HC 03 _ is removed; for eaeh H + 
removed from the blood, a HC 03 _ is added. 

2. For eaeh H + seereted into the filtrate, a HC 03 _ is removed from the 
filtrate and a HC 03 ~ is added to the blood. 

3. Hydrogen phosphate (HP 04 2- ) and ammonia (NH 3 ) are the major 
non-biearbonate bases in the filtrate. 

■ When H + eombine with HP 04 2- and NH 3 , the filtrate is buffered, 
allowing additional H + to be seereted. 

■ For eaeh H + that eombines with HP 04 2- and NH 3 , a new HC 03 ~ 
is added to the blood. 

4. The metabolism of ghitamine produces new HC 03 _ . 


7. Given these blood vessels: 

1 . afferent arteriole 3 . glomerulus 

2 . efferent arteriole 4. peritubular eapillaries 

Choose the eorreet order as blood passes from a braneh of the renal 
artery to a braneh of a renal vein. 

a. 1 , 2 , 3 ,4 b. 1 , 3 , 2 ,4 e. 2,1,4,3 d. 3,2,4 ,1 e. 4,3, 1,2 

23.3 urine Production <p. 728 ) 

8 . Kidney fimetion is aeeomplished by which of these means? 

a. filtration e. reabsorption e. all of the above 

b. seeretion d. both a and b 

9. If the glomemlar eapillary pressure is 43 mm Hg, the capsule pressure 
is 10 mm Hg, and the blood eolloid osmotie pressure within the 
glomerulus is 25 mm Hg, the filtration pressure is 

a. —10 mm Hg. e. 30 mm Hg. e. 80 mm Hg. 

b. 10 mm Hg. d. 75 mm Hg. 

10. Which of these eonditions reduces filtration pressure in the glomerulus? 

a. elevated blood pressure 

b. eonstrietion of the afferent arterioles 

e. deereased plasma protein in the glomerulus 

d. dilation of the afferent arterioles 

e. deereased capsule pressure 

11. If blood pressure inereases by 50 mm Hg, 

a. the afferent arterioles eonstriet. 

b. glomemlar eapillary pressure inereases by 50 mm Hg. 
e. GFR inereases dramatieally. 

d. all of the above. 

12 . The greatest volume of water is reabsorbed from the nephron by the 

a. proximal convoluted tubule. 

b. loop of Henle. 

e. distal convoluted tubule. 

d. eolleeting duct. 

13. Water leaves the nephron by 

a. aetive transport. d. faeilitated diffiision. 

b. filtration into the eapillary network. e. symport. 

e. osmosis. 
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14. Reabsorption of most soliite molecules from the proximal convoluted 
tubule is linked to the aetive transport of Na + 

a. aeross the apieal membrane and out of the eell. 

b. aeross the apieal membrane and into the eell. 

e. aeross the basolateral membrane and out of the eell. 

d. aeross the basolateral membrane and into the eell. 

15. Which of these ions is used to symport amino aeids, glucose, and other 
solutes through the apieal membrane of nephron epithelial eells? 

a. K + b. Na + e. Cl" d. Ca 2+ e. Mg 2+ 

16. Which of the following contributes to the formation of a hyperosmotie 
environment in the medulla of the kidney? 

a. the impermeability of the aseending limb of the loop of Henle to water 

b. the aetive transport of Na + out of the aseending limb of the loop of 
Henle 

e. the eyeling of urea between the eolleeting ducts and the thin 
segments of the loops of Henle 

d. all of the above 

17. At which of these sites is the osmolality lowest? 

a. glomemlar eapillary 

b. proximal convoluted tubule 

e. tip of the loop of Henle 

d. initial seetion of the distal convoluted tubule 

e. eolleeting duct 

23.4 Hormonal Regulation of Urine 

eoneentration and volume (p. 738) 

18. ADH governs the 

a. Na + pump of the proximal convoluted tubules. 

b. water permeability of the loop of Henle. 
e. Na + pump of the vasa reeta. 

d. water permeability of the distal convoluted tubules and eolleeting 
ducts. 

e. Na + reabsorption in the proximal convoluted tubule. 

19. A deerease in blood osmolality results in 

a. inereased ADH seeretion. 

b. inereased permeability of the eolleeting ducts to water. 
e. deereased urine osmolality. 

d. deereased urine output. 

e. all of the above. 

20. Granular eells seerete 

a. ADH. b. angiotensin. e. aldosterone. d. renin. 

21. inereased aldosterone causes 

a. inereased reabsorption of Na + . 

b. deereased blood volume. 

e. deereased reabsorption of Cl _ . 

d. inereased permeability of the distal convoluted tubule to water. 

e. inereased volume of urine. 

23.5 Urine Movement <p. 743 ) 

22. The urinary bladder 

a. is made up of skeletal muscle. 

b. is lined by simple columnar epithelium. 

e. is eonneeted to the outside of the body by the ureter. 

d. is loeated in the pelvie eavity. 

e. has two urethras and one ureter attaehed to it. 

23. Given these events: 

1. loss of voluntary eontrol of urination 

2. loss of the sensation or desire to urinate 

3. loss of reflex emptying of the urinary bladder 


Which of these events occurs following transeetion of the spinal eord at 

level L5? 

a. 1 b. 2 e. 1,2 d. 2,3 e. 1,2,3 

23.6 Effeets of Aging on the Kidneys <p. 746) 

24. With age, 

a. the kidneys deerease in size. 

b. the amount of blood flowing through the kidneys deereases. 
e. the kidneys’ response to ADH and aldosterone deereases. 

d. the kidneys ability to produce vitamin D deereases. 

e. all of the above. 

23.7 Body Fluids (p. 747) 

25. Which of the following statements is eorreetly matehed? 

a. intracellular fluid eompartment - all the fluid inside eells 

b. extracellular fluid eompartment - approximately one-third of the 
body’s water 

e. extracellular fluid eompartment - includes plasma and interstitial fluid 

d. interstitial fluid - the fluid between eells 

e. all of the above 

23.8 Regulation of lntracellular Fluid 

eomposition (p. 748) 

26. Which of the following statements is true? 

a. The eomposition of intracellular fluid is substantially different from 
that of extracellular fluid. 

b. Most large molecules synthesized within eells, such as proteins, 
remain within the intracellular fluid. 

e. Transport proeesses and eleetrie eharge differenees determine the 
eoneentration of eleetrolytes in the intracellular fluid. 

d. The eoneentration of solutes in the extracellular and intracellular 
fluids determines the movement of water by osmosis. 

e. all of the above. 

23.9 Regulation of Body Fluid Ooneentration 

and volume (p. 748) 

27. The sensation of thirst inereases when 

a. the levels of angiotensin II inerease. 

b. the osmolality of the blood deereases. 
e. blood pressure inereases. 

d. renin seeretion deereases. 

28. Insensible perspiration 

a. is lost through sweat glands. 

b. results in heat loss from the body. 

e. inereases when ADH seeretion inereases. 

d. results in the loss of solutes, such as Na + and Cl~. 

23.10 Regulation of speeifie Eleetrolytes in 

the Extracellular Fluid (p. 753 ) 

29. Which of these results in an inereased blood Na + eoneentration? 

a. a deerease in ADH seeretion 

b. a deerease in aldosterone seeretion 

e. an inerease in ANH 

d. a deerease in renin seeretion 

30. Calcium ion eoneentration in the blood deereases when 

a. vitamin D levels are lower than normal. 

b. ealeitonin seeretion deereases. 

e. parathyroid hormone seeretion inereases. 
d. all of the above. 
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23.11 Regiilation of Aeid-Base Balanee < P . 755 ) 

31. An aeid 

a. solution has a pH greater than 7. 

b. is a substance that releases H + into a sohition. 

e. is eonsidered weak if it eompletely dissoeiates in water. 

d. all of the above. 

32. Buffers 

a. release H + when pH inereases. 

b. resist ehanges in the pH of a solution. 

e. include the proteins of the blood. 
d. all of the above. 


33. Which of these is not a buffer system in the body? 

a. sodium ehloride buffer system 

b. earbonie aeid/biearbonate buffer system 
e. phosphate buffer system 

d. protein buffer system 

34. Which of these systems regulating blood pH is the fastest-aeting? 

a. respiratory b. kidney 

33. High levels of HC 03 _ in the urine indieate 

a. a low level of H + seeretion into the urine. 

b. that the kidneys are causing blood pH to inerease. 

e. that urine pH is deereasing. 
d. all of the above. 

Answers in Appendix E 


eritieal Thinking 


1. Propose as many ways as you ean to deerease the GFR. 

2. If only a very small amount of urea were present in the interstitial fluid 
of the kidney instead of its normal eoneentration, how would it affeet 
the kidney’s ability to eoneentrate urine? 

3. Researeh has shown that mammals with kidneys having relatively 
thieker medullas have the ability to produce more eoneentrated urine 
than humans. Explain why this is so. 

4. Design a kidney that ean produce hyposmotie urine, which is less 
eoneentrated than plasma, or hyperosmotie urine, which is more 
eoneentrated than plasma, by the aetive transport of water instead of 
Na + . Assume that the anatomieal structure of the kidney is the same as 
that in humans. Feel free to ehange anything else you ehoose. 

3. Ethyl aleohol inhibits ADH seeretion. Suppose a person drinks two 
shots of vodka. What effeet does this have on urine production? 

6. To relax after an anatomy and physiology examination, Mucho Gusto 
goes to a loeal bistro and drinks 2 quarts of low-sodium, non-aleoholie 
beer. What effeet does this beer have on urine eoneentration and 
volume? Explain the meehanisms involved. 

7. Some patients with hypertension are kept on a low-salt (low-sodium) 
diet. Propose an explanation for this therapy. 

8. In patients with diabetes mellitus, not enough insulin is produced; as a 
consequence, blood glucose levels inerease. If blood glucose levels rise 
high enough, the kidneys are unable to absorb the glucose from the 
glomerular filtrate and glucose “spills over” into the urine. What effeet 
does this glucose have on urine eoneentration and volume? How does 
the body adjust to the excess glucose in the urine? 


9. A patient suffering from a tumor in the hypothalamus produces excessive 
amounts of ADH, a eondition ealled syndrome of inappropriate ADH 
(SIADH) production. For this patient, the excessive ADH production is 
ehronie and has persisted for many months. A student nurse keeps a fluid 
intake-output reeord on the patient. She is surprised to find that fìuid 
intake and urinary output are normal. What effeet was she expecting? Can 
you explain why urinary output is normal? 

10. A patient exhibits elevated urine ammonium ions (NH 4 + ) and 
inereased rate of respiration. Does she have metabolie aeidosis or 
metabolie alkalosis? 

11. Swifty Trotts has an enteropathogenie Eseheriehia eoli infeetion that 
produces severe diarrhea. What does this diarrhea do to his blood pH, 
urine pH, and respiratory rate? 

12. As part of a physiology experiment, an anatomy and physiology student is 
asked to breathe through a 3-foot-long glass tube. What effeet does this 
aetion have on his blood pH, urine pH, and respiratory rate? 

13. A young girl is suspected of having epilepsy and therefore is prone to 
having convulsions. Based on your knowledge of aeid-base balanee and 
respiration, propose a hypothetieal experiment that might suggest that 
the girl is susceptible to convulsions. 

14. Hardy Explorer has elimbed to the top of a mountain. To eelebrate, he 
drinks a glass of whiskey. Aleohol stimulates hydroehlorie aeid seeretion 
in the stomaeh. What do you expect to happen to Hardy’s respiratory 
rate and the pH of his urine? 

Answers in Appendix F 
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lntroduction 

R eproduction is an essential eharaeteristie of living organ- 

isms, and functional male and female reproductive sys- 
tems are neeessary for individuals to naturally reproduce. 
The male reproductive system produces sperm eells and ean trans- 
fer them to the female. The female reproductive system produces 
ooeytes and ean reeeive sperm eells, one of which may unite with 
an ooeyte. The female reproductive system is then intimately 
involved with nurturing the development of a new individual 
until birth and usually for some eonsiderable time after birth. 

Even though some individuals do not reproduce, their repro- 
ductive systems play important roles. The reproductive system 
eontrols the development of the structural and functional differ- 
enees between males and females, and it has profound effeets on 
human behavior. Not only are male and female reproductive 
structures different, but also the differenees that exist among other 
systems, such as the integumentary, muscular, and skeletal sys- 
tems, result from the effeets of the reproductive system on them. 

Although the male and female reproductive systems have 
striking differenees, they also have a number of similarities. 
Many reproductive organs of males and females are derived from 
the same embryologieal structures (see ehapter 25 ). In addition, 
some hormones are the same in males and females, even though 
they aet in very different ways. 
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24.1 Fiinetions of the 

Reproductive System 

The male reproductive system eonsists of the testes, epididymis, 
ducts, aeeessory glands, and penis (figure 24 . 14 ). It performs the fol- 
lowing fimetions: 

1 . Production ofsperm eells. The reproductive system produces 
male sex eells, or sperm eells, in the testes. 

2. Snstaining and transfer ofthe sperm eells to the female. The duct 
and gland system provides an environment in which the sperm 
eells mature, provides nutrients for the sperm eells produced in 
the testes, and transports the sperm eells from the testes 
through the penis, which is a speeialized organ that deposits the 
sperm eells in the female reproductive system. 

3 . Production ofmale sex hormones. Hormones produced by the male 
reproductive system eontrol the development of the reproductive 
system itself and of the male body form. These hormones are also 
essential for the normal fiinetion of the reproductive system and 
reproductive behavior. 

The female reproductive system eonsists of the ovaries, uterine 
tubes, uterus, vagina, and mammary glands (figure 24 . l£). It performs 
the following fimetions: 

1 . Production offemale sex eells. The reproductive system produces 
female sex eells, or ooeytes, in the ovaries. 
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Figlire 24.1 Major Organs of the Reproductive System ^PIRJ 

{a) The male reproductive system: testes, epididymis, ductus deferens, seminal vesieles, prostate gland, and penis. (ò) The female reproductive system: ovaries, uterine 
tubes, uterus, vagina, and mammary glands. 
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2 . Reeeption ofsperm eells from the male. The female reproductive 
system includes structures that reeeive sperm eells from the 
male and transport the sperm eells to the site of fertilization. 

3. Nurturing the development ofandproviding nourishment for the 
neiv individual. The female reproductive system nurtures the 
development of a new individual in the uterus until birth and 
provides nourishment in the form of milk after birth. 

4. Production offemale sex hormones. Hormones produced by the 
female reproductive system eontrol the development of the 
reproductive system itself and of the female body form. These 
hormones are also essential for the normal function of the 
reproductive system and reproductive behavior. 

1 List the fiinetions of the male and female reproductive systems. 

24.2 MeÌOSÌS 

Gametes (gam'étz), or sex eells, have half the number of ehromo- 
somes as other eells in the body. Sperm eells are the male gametes 
and ooeytes are the female gametes. Meiosis (ml-ò'sis) is a kind of 
eell division that produces gametes. It eonsists of two consecutive 
nuclear divisions without replieation of the genetie material 
between the divisions. Four daughter eells are produced, and eaeh 
has half as many ehromosomes as the parent eell. 

2 Define gamete and meiosis. 

ehromosomes 

Chromosomes eontain most of the eell’s DNA, which has the genes 
determining the structural and functional features of every individual 
(see ehapter 3). The normal ehromosome number in human eells is 46. 
This number is ealled a diploid (dip'loyd), or a 2 n, number of ehro- 
mosomes. The ehromosomes eonsist of 23 pairs, eaeh of which is 
ealled a homologous (hò-mol'ò-gus) pair. The homologous pairs 
eonsist of 22 autosomal pairs, which are all of the ehromosomes 
except the sex ehromosomes, and 1 pair of sex ehromosomes. The sex 
ehromosomes are an X and a Y ehromosome in males and two X 
ehromosomes in females. One ehromosome of eaeh homologous pair 
is from the male parent, and the other is from the female parent. The 
ehromosomes of eaeh homologous pair look alike, except for the sex 
ehromosomes, and they eontain genes for the same traits. 

In sperm eells and ooeytes, the number of ehromosomes is 23. 
This number is ealled a haploid (hap'loyd), or n, number of ehromo- 
somes. Eaeh gamete eontains one ehromosome from eaeh of the 
homologous pairs. Reduction in the number of ehromosomes in 
sperm eells or ooeytes to an n number is important. When a sperm eell 
and an ooeyte fuse to form a fertilized egg, eaeh provides an n number 
of ehromosomes, which reestablishes a 2 n number of ehromosomes. If 
meiosis did not take plaee, eaeh time fertilization occurred the number 
of ehromosomes in the fertilized ooeyte would double. The extra ehro- 
mosomal material would be lethal to the developing offspring. 

Sperm eells have 22 autosomal ehromosomes and either an X or 
a Y ehromosome. Ooeytes eontain 22 autosomal ehromosome and an 
X ehromosome. During fertilization, when a sperm eell fuses with an 
ooeyte, the normal number of 46 ehromosomes, eonsisting of 23 pairs 


of ehromosomes, is reestablished. The sex of the baby is determined 
by the sperm eell that fertilizes the ooeyte. The sex is male if the sperm 
eell that fertilizes the ooeyte earries a Y ehromosome, female if the 
sperm eell earries an X ehromosome. 

3 Define diploid and haploid. Why is it neeessary for gametes to have a 
haploid number of ehromosomes? 

4 What is a homologous pair of ehromosomes? 

5 Which sex ehromosomes are in males and females? 

Meiotie Divisions 

The two divisions of meiosis are ealled meiosis I and meiosis II. Like 
mitosis, eaeh division of meiosis has prophase, metaphase, anaphase, 
and telophase (see figure 3.28). Distinet differenees exist, however, 
between mitosis and meiosis. 

Before meiosis begins, all the ehromosomes are duplicated. At the 
beginning of meiosis, eaeh of the 46 ehromosomes eonsists of two 
ehromatids (krò'mà-tid) eonneeted by a eentromere (sen'trò-mer) 
(figure 24.2, step 1). Eaeh ehromatid is a replieated ehromosome. 
Homologous ehromosomes align as pairs in a proeess ealled synapsis 
(figure 24.2, step 2). Oeeasionally, part of a ehromatid of one homolo- 
gous ehromosome breaks off and is exchanged with part of another 
ehromatid from the other homologous ehromosome. This exchange of 
genetie material is ealled erossing over. Crossing over allows the exchange 
of genetie material between maternal and paternal ehromosomes. 

The ehromosomes align along the eenter of the eell (figure 24.2, 
step 3). For eaeh pair of homologous ehromosomes, however, the 
side of the eell on which the maternal or paternal ehromosome is 
loeated is random. The way the ehromosomes align during synapsis 
results in the random assortment of maternal and paternal ehromo- 
somes in the daughter eells during meiosis. Crossing over and the 
random assortment of maternal and paternal ehromosomes are 
responsible for the diversity in the genetie makeup of sperm eells and 
ooeytes. We are unique individuals because of this genetie diversity. 

The aligned ehromosomes separate and move to opposite sides 
of the eell. New nuclei form and the eell eompletes division of the 
eytoplasm to form two eells (figure 24.2, steps 4 and 3). When 
meiosis I is eomplete, eaeh daughter eell has one ehromosome from 
eaeh of the homologous pairs. Eaeh of the 23 ehromosomes in eaeh 
daughter eell eonsists of two ehromatids joined by a eentromere. 

It is during the first meiotie division that the ehromosome num- 
ber is reduced from a 2 n mimber (46 ehromosomes, or 23 pairs) to 
an n number (23 ehromosomes, or 1 from eaeh homologous pair). 
The first meiotie division is therefore ealled a reduction division. 

The seeond meiotie division is similar to mitosis (figure 24.2, 
steps 6—9). The ehromosomes, eaeh eonsisting of two ehromatids, 
line up near the middle of the eell. Then the ehromatids separate at 
the eentromere, and eaeh daughter eell reeeives one of the ehroma- 
tids from eaeh ehromosome. When the eentromere separates, eaeh of 
the ehromatids is ealled a ehromosome. Consequently, eaeh of the 
four daughter eells produced by meiosis eontains 23 ehromosomes. 

6 Deseribe the proeess by vvhieh ehromosome number is reduced by 
half in meiosis. 

7 What is the signifkanee of erossing over and random assortment of 
ehromosomes? 
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First Meiotie Division (Meiosis I) 


Seeond Meiotie Division (Meiosis II) 
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1. Early prophase I 

The duplicated 
ehromosomes 
beeome visible 
ehromatids (shown 
separated for 
emphasis; they 
actually are so 
elose together 
that they appear 
as a single strand). 


Centromere 
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2. Middle prophase I 

Homologous ehromosomes 
synapse. Crossing over may 
occur at this stage. 



Pair of ehromosomes 


Spindle 

fibers 


3. Metaphase I 

Homologous ehromosomes 
align at the eenter of the eell. 
Random assortment 
of homologous 
ehromosomes occurs. 
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Prophase II 

Eaeh ehromosome 
eonsists of two 
ehromatids. 






7. Metaphase II 

Chromosomes 
align along the 
eenter of the eell. 



4. Anaphase I 

Homologous ehromosomes 
move apart to opposite 
sides of the eell. 



5. Telophase I 

New nuclei form, 
and the eell divides. 
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Prophase II (top of next column) 



8. Anaphase II 

Chromatids 
separate and eaeh 
is now ealled a 
ehromosome. 


9. Telophase II 

New nuclei form 
around the 
ehromosomes. 

The eells divide to 
form four daughter 
eells with a haploid 
( n ) number of 
ehromosomes. 


Proeess Figure 24.2 Meiosis ap.r 
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24.3 Anatomy of the Male 

Reproductive System 

The male reproductive system eonsists of the testes (sing. testis ), a series 
of ducts, aeeessory glands, and supporting structures. The ducts include 
the epididymides (sing. epididymis ), ductus deferentia (sing. ductus def- 
erens, also vas deferens ), and urethra. Aeeessory glands include the semi- 
nal vesieles, prostate gland, and bulbourethral glands. Supporting 
structures include the scrotum and penis (figure 24.3). Collectively, all 
of these structures are ealled the male genitalia, or male genitals. The 
external male genitalia eonsist of the serornm and penis, and the inter- 
nal male genitalia are the testes, epididymis, ducts, and glands. 

8 List the structures that make up the male reproductive system. What 
arethe male genitalia? 

Scrotum 

The scrotum (skrò'tum) is a saelike structure eontaining the testes. 
It is divided into right and left internal eompartments by an ineom- 
plete eonneetive tissue septum. Externally the scrotum eonsists of 
skin. Beneath the skin is a layer of loose eonneetive tissue and a layer 
of smooth muscle, ealled the dartos (dar'tòs, to skin) muscle. 

When the scrotum is exposed to eool temperatures, the dartos 
muscle eontraets, causing the skin of the serornm to beeome firm and 
wrinkled and reducing the overall size of the scrotum. At the same 
time, extensions of abdominal muscles eonneeted to the testes, ealled 


eremaster (kré-mas'ter, to hang) muscles, eontraet. Consequently, 
the testes are pulled nearer to the body, and their temperature is 
raised. During warm weather or exercise, the dartos and eremaster 
muscles relax, the skin of the seromm beeomes loose and thin, and 
the testes deseend away from the body, which lowers their tempera- 
ture. The temperature of the testis is maintained at a temperamre 
several degrees less than body eore temperature, which is neeessary 
for normal sperm eell development. 

9 Deseribe the structure ofthe scrotum. 

10 Deseribethe role ofthe dartos and eremaster muscles in temperature 
regulation of the testes. 

Testes 

Testicular Histology 

The testes (tes'tèz) are small, ovoid organs, eaeh about 4—3 em long, 
within the seromm (see figure 24.3). They are both exocrine and endo- 
erine glands. Sperm eells form a major part of the exocrine seeretions 
of the testes, and testosterone is the major endoerine. 

The tunica albuginea (al-bu-jin'è-à, white) is eonneetive tis- 
sue forming the outer capsule of eaeh testis (figure 24.4). 
Extensions of the tunica albuginea form ineomplete septa 
(sep'tà) dividing the testis into 300—400 eone-shaped lobules. 
Seminiferous (sem'i-nif'er-ixs, seed earriers) tubules are eoiled 
tubes loeated in the lobules. The uncoiled, eombined length of 
the seminiferous tubules in both testes is nearly half a mile. The 
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Figlire 24.3 Male Reprodiietive Structures A p r 

Sagittal seetion of the male pelvis shovving the male reproductive structures. 
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Figlire 24.4 Structure of the Testis and Sperm eell 

(a) Gross anatomy of the testis, with a seetion cut away to reveal internal 
structures.The epididymis is also shown. (b) Cross seetion of a seminiferous 
tubule. Spermatogonia are near the periphery, and mature sperm eells are near 
the lumen of the seminiferous tubule. (e) Mature sperm eell. (d) Enlargement of 
the head and midpieee of a sperm eell to show the nucleus and aerosome in the 
head and the mitoehondria in the midpieee. 
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seminiferous tubules are the site of sperm eell production. 
Interstitial (in-ter-stish'àl) eells, or eells of Leydig, are clusters of 
eells within delieate eonneetive tissue surrounding the seminiferous 
tubules. They are endoerine eells that seerete testosterone. 

The seminiferous tubules empty into a set of short, straight 
tubules, the tubuli reeti, which in turn empty into a tubular network 
ealled the rete (rè'tè, net) testis. The rete testis empties into 15—20 
tubules ealled efferent ductules (dhk'tools). They have a eiliated 
pseudostratified columnar epithelium, which helps move sperm eells 
out of the testis. The efferent ductules pieree the tunica albuginea to 
exit the testis. 

11 Deseribe the eovering and eonneetive tissue of the testis. 

12 Where are the seminiferous tubules and interstitial eells loeated? 

What are their functions? 

13 Deseribe the tubuli reeti, rete testis, and efferent ductules. 

Deseent of the Testes 

By 8 weeks following fertilization, the testes have developed as retro- 
peritoneal organs in the abdominopelvie eavity (figure 24.5, step 1). 
The gubernaculum (goo'ber-nak'u-lum) is a column of mesenehy- 
mal tissue eonneeting eaeh testis to the anterolateral abdominal wall 


at the site of the future inguinal eanal. An inguinal eanal is an 
oblique passageway through the anterior abdominal wall. The deep 
inguinal ring is the opening into the inguinal eanal from the 
abdominal eavity, and the superficial inguinal ring is the opening 
of the eanal to the outside of the abdominal wall. 

The testes deseend (figure 24.5, step 2) and eome to rest near the 
deep inguinal ring. The gubernaculum extends through the inguinal 
eanal and swelling of the gubernaculum enlarges the inguinal eanal. 
Between 7 and 9 months of development, the testes pass through the 
inguinal eanals, a journey taking about 3 days, and end up in the 
scrotum (figure 24.5, step 3). In females, the ovaries also develop in 
the abdomen and deseend, but they stop their deseent in the pelvie 
eavity and do not enter the inguinal eanals. 

An outpocketing of the peritoneum, ealled the proeess vaginalis 
(vaj' i-nà-lis), preeedes eaeh testis into the scrotum (see figure 24.5, 
steps 2 and 3). The superior part of eaeh proeess vaginalis usually 
beeomes obliterated, and the inferior part remains as a small, elosed 
sae, the tunica (too'ni-kà) vaginalis (figure 24.5, step 4). The tunica 
vaginalis is a serous membrane surrounding most of the testis in much 
the same way that the pericardium surrounds the heart. The viseeral 
layer of the tunica vaginalis eovers the anterior surface of the testis, and 
the parietal layer lines the scrotum. A small amount of fluid within the 
tunica vaginalis allows the testes to move with little frietion. 
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1. Eaeh testis forms as a retroperitoneal structure near the level 
of the kidney. 


2. The testis beneath the parietal peritoneum is deseending 
toward the inguinal eanal. The proeess vaginalis extends into 
the inguinal eanal alongside the gubernaculum. 
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3. The testis follows the proeess vaginalis and deseends through 
the inguinal eanal into the scrotum. 


Proeess Figure 24.5 Deseent of the Testes 


4. Between birth and adulthood, the proeess vaginalis is 
obliterated, and its inferior portion beeomes the tunica 
vaginalis. The gubernaculum beeomes the serotal ligament. 


eryptorehidism and lnguinal Hernia 

nn 

J. 

Cryptorchidism (krip-tór'ki-dizm) is the failure of one or both of 
the testes to deseend into the scrotum. Cryptorchidism occurs in 3% 
of full-term newborns and 30% of premature births. By 6 months to 
a year, eryptorehidism has deereased to 1%. Later in life, an unde- 
seended testis does not produce sperm eells because of the higher 
temperature of the abdominal eavity. 

A hernia (her'né-à) isthe protmsion of part of an organ through 
the tissues normally eontaining it. An inguinal hernia is the protru- 
sion of an abdominopelvie organ, usually the intestine, through an 
opening in the abdominal wall in the inguinal region. An inguinal 
hernia ean pass partially or eompletely through the inguinal eanal 


and ean even extend to the testis. Inguinal hernias ean be quite pain- 
ful and even very dangerous, espeeially if a portion of the small 
intestine is eompressed so that its blood supply is cut off. Fortunately, 
inguinal hernias ean be repaired surgically. Males are much more 
prone to inguinal hernias than are females because a male's inguinal 
eanals are larger and weakened because the testes pass through 
them on their way into the scrotum. 

An indireet inguinal hernia enters the inguinal eanal through 
the deep inguinal ring. In most eases, the proeess vaginalis is not oblit- 
erated and the hernia protmdes into it. A direet inguinal hernia 
passes through a weakened or ruptured abdominal wall medial to the 
deep inguinal ring. Frequently, the hernia enters the inguinal eanal. 
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14 When and how do the testes deseend into the scrotum? 

15 Deseribe the tunica vaginalis. 

Spermatogenesis 

Before puberty, the testes remain relatively simple and unchanged from 
the time of their initial development. The interstitial eells are not 
prominent, and the seminiferous tubules are small and not yet func- 
tional. At the time of puberty, the interstitial eells inerease in number 
and size, the seminiferous tubules enlarge, and spermatogenesis begins. 

Spermatogenesis (sper'mà-tò-jen'é-sis) is the formation of sperm 
eells, a proeess that takes approximately 74 days. Spermatogonia 
(sper'mà-tò-gò'né-à, primitive sperm eell) are the eells that give rise 
to sperm eells. They are loeated in the periphery of the seminiferous 
tubules and divide by mitosis (figure 24.6a). Some daughter eells 
produced from these mitotie divisions remain as spermatogonia and 
continue to divide by mitosis. Other daughter eells form primary 
spermatoeytes (sper'mà-tò-sltz, sperm eell), which divide by meiosis 
(see “Meiotie Divisions,” p. 771). 

A primary spermatoeyte eontains 46 ehromosomes, eaeh eonsisting 
of two ehromatids. Eaeh primary spermatoeyte passes through the first 
meiotie division to produce two seeondary spermatoeytes. The first 
meiotie division is a reduction division and the seeondary spermatoeytes 
now have 23 ehromosomes (two ehromatids). Eaeh seeondary spermato- 
eyte undergoes a seeond meiotie division to produce two smaller eells 
ealled spermatids (sper'mà-tidz). Eaeh spermatid has 23 ehromosomes, 
eaeh derived from a ehromatid in the seeondary spermatoeyte. After the 
seeond meiotie division, the spermatids undergo major structural 
ehanges to form sperm eells (see figure 24.6a). Much of the eytoplasm 
of the spermatids is eliminated, and eaeh spermatid develops a head, 
midpieee, and flagellum (tail) to beeome a sperm eell, or spermatozoon 
(see figures 24.4c and d). The head eontains the nucleus with its ehro- 
mosomes. The leading end of the head has a eap, the aerosome (ak'rò- 
sòm), which eontains enzymes that are released during the proeess of 
fertilization and are neeessary for the sperm eell to penetrate the ooeyte. 
The flagellum is similar to a cilium (see ehapter 3), and movement of 
microtubules past one another within the tail causes the tail to move and 
propel the sperm eell forward. The midpieee has large numbers of mito- 
ehondria, which produce the ATP neeessary for microtubule movement. 

At the end of spermatogenesis, the developing sperm eells are 
loeated around the lumen of the seminiferous tubules with their tails 
direeted toward the eenter of the lumen. Finally, sperm eells are released 
into the lumen of the seminiferous tubules (see figures 24.4b and 24.6). 

In addition to the developing sperm eells, sustentacular (sus- 
ten-tak'u-làr) eells, or Sertoli (sèr-tò'lè, named for an Italian histolo- 
gist) eells, are in the seminiferous tubules. The sustentacular eells are 
also sometimes referred to as nurse eells. Sustentacular eells are large 
eells that extend from the periphery to the lumen of the seminiferous 
tubule (figure 24.6b). They nourish the developing sperm eells and 
probably produce, together with the interstitial eells, a number of 
hormones, such as androgens, estrogen, and inhibin. In addition, 
tight junctions between the sustentacular eells form a blood—testis 
barrier between spermatogonia and sperm eells (see figure 24.6b). It 
isolates the sperm eells from the immune system. This barrier is nee- 
essary because developing sperm eells form surface antigens that 
could stimulate an immune response, resulting in their destmetion. 


16 Starting with spermatogonia, deseribe the production of sperm eells. 

17 Name the parts of a sperm eell and state their functions. 

18 Where are sustentacular eells loeated and what is their function? 

What is the blood-testis barrier? 

DUCtS 

After their release into the seminiferous tubules, the sperm eells pass 
through the tubuli reeti to the rete testis. From the rete testis, they 
pass through the efferent ductules to the epididymis. 

Epididymis 

The efferent ductules from eaeh testis extend to a eomma-shaped 
structure on the posterior side of the testis ealled the epididymis 
(ep-i-did'i-mis, pl. epididymides, ep-i-di-dim'i-déz, on the twin, 
which refers to the paired, or twin, testes) (see figure 24.4a). Eaeh 
epididymis eonsists of a head, a body, and a long tail (figure 24.7). 
The head eontains the very convoluted ends of the efferent duct- 
ules, which empty into a single convoluted tube, the duct of the 
epididymis. The body and tail eonsist of the duct of the epididy- 
mis, which if unraveled would be several meters long. 

The final mamration of the sperm eells occurs within the epi- 
didymis. It takes 12—16 days for sperm eells to travel through the 
epididymis. As they pass through the epididymis the aerosome 
mamres, the ability to fertilize an ooeyte develops, and the flagella 
beeome eapable of movement. 

19 Name the ducts loeated in the epididymis. 

20 List the ehanges that occur in sperm eells while in the epididymis. 

Ductus Deferens and Ejaculatory Duct 

The duct of the epididymis beeomes the ductus deferens, or vas 
deferens, which emerges from the tail of the epididymis, aseends 
along the posterior side of the testis, and joins the spermatie eord. 
Eaeh spermatie eord eonsists of the ductus deferens, testicular artery 
and veins, lymphatie vessels, and testicular nerve. The eoverings of 
the spermatie eord surround the spermatie eord. They eonsist of the 
external spermatie faseia (fash'è-à); the eremaster muscle, an exten- 
sion of the muscle fibers of the internal abdominal oblique muscle of 
the abdomen; and the internal spermatie faseia (see figure 24.7d). 

Eaeh ductus deferens extends, in the spermatie eord, through the 
abdominal wall by way of the inguinal eanal. Eaeh ductus deferens then 
erosses the lateral wall of the pelvie eavity and loops behind the poste- 
rior surface of the urinary bladder to approaeh the prostate gland (see 

figure 24.3). The total length of the ductus deferens is about 43 em. The 

end of the ductus deferens enlarges to form the amptdla of the ductus 
deferens (see figure 24.7d). The wall of the ductus deferens eontains 
smooth muscle. Peristaltie eontraetions of the smooth muscle propel 
the sperm eells from the epididymis through the ductus deferens. 

Adjaeent to the ampulla of eaeh ductus deferens is a sae-shaped 
gland ealled the seminal vesiele. A short duct from the seminal vesiele 
joins the ampulla of the ductus deferens to form the ejaculatory 
(è-jak'u-là-tòr-è) duct. The ejaculatory ducts are approximately 2.3 
em long. These ducts projeet into the prostate gland and end by 
opening into the urethra (see figures 24.3 and 2 4.7d). 
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Proeess Figure 24.6 Spermatogenesis ap;r| 

[a) Meiosis during spermatogenesis. A seetion of a seminiferous tubule illustrating the proeess of meiosis and sperm eell formation. (ò) The sustentacular eells (shown 
in alternating darkand light shades) extend from the periphery to the lumen ofthe seminiferous tubules.The tight junctions that form between adjaeent 
sustentacular eells form the blood-testis barrier. Spermatogonia are peripheral to the blood-testis barrier, and spermatoeytes are eentral to it. 


21 Deseribe the route by which the ductus deferens extends from the 
testis to the prostate gland. What is the ejaculatory duct? 

22 List the eomponents of the spermatie eord and the eoverings of the 
spermatie eord. 


Llrethra 

The male urethra (u-rè'thrà) is about 20 em long and extends from 
the urinary bladder to the distal end of the penis (see figure 24.7a). 
The urethra ean be divided into three parts: the prostatie urethra, 
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Figlire 24.7 Male Reproductive Structures 

(eí)Testes, epididymis, ductus deferens, and glands of the male reproductive system.The penis is cut open along its dorsal side. (ò) Cross seetion of the penis, showing 
prineipal nerves, arteries, and veins along the dorsum of the penis.The blaekline and bluearrows depiet the manner in which (a) is cut and laid open. 
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which passes through the prostate gland; the membranoiis urethra, 
which passes through the fìoor of the pelvis and is surrounded by the 
external urethral sphineter; and the spongy urethra or penile urethra 
which extends the length of the penis and opens at its end. 

The urethra is a passageway for both urine and male reproduc- 
tive fluids. Many minute, mucus-secreting glands are loeated in the 
epithelial lining of the urethra. 

23 Define the parts of the urethra. What is the function of the urethra? 


Penis 

The penis eontains three columns of ereetile tissue (see figure 2 4.7a). 
Engorgement of this ereetile tissue with blood causes the penis to 
enlarge and beeome firm, a eondition ealled an ereetion. The penis 
is the male organ of copulation, transferring sperm eells from the 
male to the female. The eorpora eavernosa (kòr'pór-à kav-er-nos' à) 
are two columns of ereetile tissue forming the dorsal portion and the 
sides of the penis. The corpus spongiosum (kòr'píts spun'jè-ò'sum) 
surrounds the spongy urethra and forms the ventral portion of the 
penis. The distal corpus spongiosum expands to form a eap, the glans 
penis, over the distal end of the penis. At the base of the penis, the 
corpus spongiosum expands to form the bulb of the penis. Eaeh 
corpus cavernosum expands to form a crus (kroos, pl. crura, kroo'rà) 
of the penis, which attaehes to a coxal bone. The root of the penis 
is the eombined bulb and crura of the penis. 

Skin is loosely attaehed to the eonneetive tissue that surrounds the 
ereetile columns in the shaft of the penis. The skin is firmly attaehed at 
the base of the glans penis, and a thinner layer of skin tightly eovers the 
glans penis. The skin of the penis, espeeially the glans penis, is well 
supplied with sensory reeeptors. A loose fold of skin ealled the prepuce 
(pré'poos), or foreskin, eovers the glans penis (see figure 24.3). 


Circumcision 

Circumcision (ser-kDm-sizh'iin) is the surgical removal of the 
prepuce, usually near the time of birth. Circumcision is performed 
for cultural or religious reasons during adoleseenee or shortly after 
birth. The health benefìts of circumcision are eontroversial. 
Uncircumcised males have a higher ineidenee of loealized infeetions 
and penile eaneer, whereas circumcised males have a higher inei- 
denee of HIV infeetions. In the few eases in which the prepuce is"too 
tight"to be moved over the glans penis, circumcision ean be neees- 
sary to avoid ehronie infeetions and maintain normal circulation. 


24 Define ereetion. Deseribe the ereetile tissues of the penis. 

25 Define glanspenis, rootofpenis, and prepuce (foreskin). 


Aeeessory Glands 

Seminal Vesieles 

Eaeh of the two seminal vesieles (sem'i-nàl ves'i-klz) is a sae-shaped 
gland loeated next to the ampulla of the ductus deferens (see figures 

24.3 and 24.7T). Eaeh gland is about 3 em long and tapers into a 


short excretory duct that joins the ampulla of the ductus deferens to 
form the ejaculatory duct. The seminal vesieles have a capsule eon- 
taining fibrous eonneetive tissue and smooth muscle eells. 

Prostate Gland 

The prostate (pros'tàt, one standing before) gland is about the size 
and shape of a walnut (about 4 em long and 2 em wide) and surrounds 
the urethra and the two ejaculatory ducts at the base of the urinary 
bladder (see figures 24.3 and 24.7T). The prostate gland has a capsule 
and partitions, which eonsist of eonneetive tissue and smooth muscle. 
Epithelial eells lining the partitions seerete prostatie fluid. Fifteen to 30 
small prostatie ducts earry these seeretions into the prostatie urethra. 


Prediet 



The prostate gland ean enlarge for several reasons, including infeetions, 
tumor, and old age. The deteetion of enlargement or ehanges in the prostate 
is an important way to deteet prostatie eaneer. Suggest a way other than 
surgery that the prostate gland ean be examined by palpation for any ab- 
normal ehanges. 


Prostate Disorders 

Benign prostatie hyperplasia (BPH) is a noncancerous enlarge- 
ment of the prostate gland. BPH affeets approximately one-third of 
men over the age of 50 and up to 90% of men by age 80. BPH ean be 
treated with drugs that inhibit enlargement of the prostate and 
reduce smooth muscle tension in the prostate, urethra, and urinary 
bladder. Various surgical procedures are available to remove the 
prostate. Most involve gaining aeeess to the prostate gland through 
the urethra, but sometimes open abdominal surgery is performed. 
Transurethral reseetion of the prostate (TURP) is a surgical proee- 
dure that cuts away the prostate gland. Other methods of destroying 
the prostate gland include lasers, microwaves, radiofrequency 
energy, ultrasound waves, and eleetrieity. 

Cancer of the prostate is the seeond most eommon cause of 
eaneer in men in the United States; it is less eommon than lung ean- 
eer but more eommon than eolon eaneer. Prostate-speeifìe antigen 
(PSA) is a protein produced by the prostate gland, and small 
amounts of PSA leak into the blood and ean be deteeted with a 
simple blood test. Blood PSA levels often inerease in men with pros- 
tate eaneer. An annual examination of the prostate and a PSA test are 
reeommended for men over the age of 50. If a biopsy eonfìrms pros- 
tate eaneer, treatment options include radiation, ehemotherapy, and 
surgery. Treatment ean result in ineontinenee and an inability to 
have an ereetion because of nerve damage. 


Bulbourethral Glands 

The bulbourethral (bul'bò-u-rè'thràl) glands are a pair of small, 
mucus-secreting glands loeated near the membranous part of the 
urethra (see figures 24.3 and 24.7T). In young males, eaeh is about 
the size of a pea, but they deerease in size with age and are almost 
impossible to see in old men. A single duct from eaeh gland enters 
the urethra. 
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Semen 

Semen (sè'men) is a mixture of sperm eells and seeretions from the 
male reproductive glands. Sperm eells and testicular seeretions 
account for about 4% of semen volume. The bulbourethral glands 
produce less than 1% of the semen, the seminal vesieles produce 
about 65% of the semen, and the prostate gland contributes about 
30%. The mucous seeretion of the bulbourethral glands lubricates 
the urethra, helps neutralize the eontents of the normally aeidie 
urethra, provides a small amount of lubrication during intercourse, 
and helps reduce the aeidity in the vagina. 

The thiek, mucuslike seeretion of the seminal vesieles eontains 
the sugar fructose and other nutrients that provide nourishment to 
sperm eells. The seminal vesiele seeretions also eontain proteins 
that weakly elot the semen after ejaculation, making it a stieky, 
jellylike fluid. Prostaglandins, which stimulate smooth muscle 
eontraetions, are present in high eoneentrations in the seeretions 
of the seminal vesieles and ean cause eontraetions of the female 
reproductive traet, which help transport sperm eells through the 
female reproductive traet. 

The thin, milky seeretions of the prostate have an alkaline pH 
and help neutralize the aeidie urethra, as well as the aeidie seere- 
tions of the testes, the seminal vesieles, and the vagina. The 
inereased pH is important for normal sperm eell function. The 
movement of sperm eells is not optimal until the pH is inereased 
to between 6.0 and 6.5. In eontrast, the seeretions of the vagina 
have a pH between 3.5 and 4.0. Prostatie seeretions also eontain 
proteolytie enzymes, such as prostate-speeifie antigen (PSA), which 
break down the elotting proteins of the seminal vesieles and make 
the semen more liquid. 




Following deposition of semen in the vagina, a elotting reaetion makes the 
semen thiek and stieky. Within a few minutes, the semen beeomes more wa- 
tery. Propose a reason for these ehanges to semen. 


Normal sperm eell counts in the semen range from 75 to 400 
million sperm eells per milliliter of semen, and a normal ejacula- 
tion usually eonsists of about 2—5 mL of semen. Sperm eells 
beeome motile after ejaculation onee they are mixed with seere- 
tions of the male aeeessory glands and with seeretions of the 
female reproductive traet. Most of the sperm eells (millions) are 
expended in moving the general group of sperm eells through the 
female reproductive system. Enzymes earried in the aerosome of 
eaeh sperm eell help digest a path through the mucoid fluids of 
the female reproductive traet and through materials surrounding 
the ooeyte. Onee the aerosomal fluid is depleted from a sperm 
eell, the sperm eell is no longer eapable of fertilization. 

26 State where the seminal vesieles, prostate gland, and bulbourethral 
glands empty into the male reproductive duct system. 

27 Define semen. By volume, what are the contributions of various 
sourcesto semen? 

28 What is thefunction of the seeretions of eaeh of the aeeessory 
glands? 

29 What is a normal sperm count? 


24.4 Physiology of Male 

Reproduct on 

The male reproductive system depends on both hormonal and neu- 
ral meehanisms to fimetion normally. Hormones eontrol the devel- 
opment of reproductive structures, the development of seeondary 
sex eharaeteristies, spermatogenesis, and, in part, sexual behavior. 
The mature neural meehanisms are primarily involved in eontrolling 
the sexual aet and in the expression of sexual behavior. 

Regulation of Sex Hormone Seeretion 

The hypothalamus of the brain, the anterior pituitary gland, and the 
testes (figure 24.8) produce hormones that influence the male repro- 
ductive system. Gonadotropin-releasing (gò'nad-ò-trò'pin, gonad 
+ trophe , nourishment) hormone (GnRH) is released from neurons 
in the hypothalamus and passes to the anterior pimitary gland (table 
24.1). GnRH causes eells in the anterior pituitary gland to seerete 
two hormones, luteinizing (looTè-ì-nlz-ing) hormone (LH) and 
follicle-stimulating hormone (FSH), into the blood (see table 24.1). 
LH and FSH are named for their fimetions in females, but they are 
also essential reproductive hormones in males. 

LH binds to the interstitial eells in the testes and causes them 
to seerete testosterone. LH was onee referred to as interstitial eell- 
stimulating hormone (ICSH) because it stimulates interstitial eells 
of the testes to seerete testosterone, but it was later diseovered to be 
identieal to LH in the female. Consequently, it is now simply ealled 
LH. FSH binds primarily to sustentacular eells in the seminiferous 
tubules and promotes sperm eell development. It also inereases the 
seeretion of a hormone ealled inhibin (in-hib'in, to inhibit). 

Testosterone has a negative-feedbaek effeet on the seeretion of 
GnRH from the hypothalamus, as well as on LH and FSH from 
the anterior pituitary gland. Inhibin has a negative-feedbaek effeet 
on the seeretion of FSH from the anterior pituitary gland. 

For GnRH to stimulate the seeretion of large quantities of LH 
and FSH, the anterior pituitary must be exposed to a series of brief 
inereases and deereases in GnRH. Chronically elevated GnRH 
levels in the blood cause the anterior pituitary eells to beeome 
insensitive to stimulation by GnRH molecules, and little LH or 
FSH is seereted. 



GnRH Pulses and infertility 

V 

GnRH ean be produced synthetieally, and, if administered in small 
amounts in frequent pulses or surges, it ean be useful in treating males 
who are infertile. GnRH ean also inhibit reproduction because the 
ehronie administration of it ean sufficiently reduce LH and FSH levels 
to prevent sperm eell production in males or ovulation in females. 


30 Where are GnRH, FSH, LH, and inhibin produced? What effeets do 
they produce? 

31 Where is testosterone produced? 

32 Deseribe the regulation of testosterone seeretion. 
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1. GnRH from the hypothalamiis 
stimulates the seeretion of LH 
and FSH from the anterior 
pituitary. 

2. LH stimulates testosterone 
seeretion from the interstitial 
eells. 

3. FSH stimulates sustentacular 
eells of the seminiferous 
tubules to inerease 
spermatogenesis and to 
seerete inhibin. 

4. Testosterone has a 
stimulatory effeet on the 
sustentacular eells of the 
seminiferous tubules, as well as on 
the development of sex organs and 
seeondary sex eharaeteristies. 

5. Testosterone has a negative- 
feedbaek effeet on the 
hypothalamus and pituitary to 
reduce LH and FSH seeretion. 

6. Inhibin has a negative-feedbaek 
effeet on the anterior pituitary to 
reduce FSH seeretion. 



Hypothalamus 


Stimulatory 


Inhibitory 


Anterior pituitary 


Inhibin 


O 


Testosterone 



Development of 
sex organs and 
seeondary sex 
eharaeteristies 


Spermatogenesis 


Proeess Figure 24.8 Regulation of Reproductive Hormone Seeretion in Males 


Puberty 

Human ehorionie (kò-rè-on'ik) gonadotropin (hCG) is a hormone 
seereted by the plaeenta. Human ehorionie gonadotropin is structurally 
similar to LH and stimulates the synthesis and seeretion of testosterone 
by the fetal testes before birth. After birth, however, no source of stimu- 
lation is present, and the testes of the newborn baby atrophy slightly and 
seerete only small amounts of testosterone until puberty, which normally 
begins when a boy is 12—14 years old and is mostly eompleted by age 18. 

Puberty (puber-tè) is the age at which individuals beeome 
eapable of sexual reproduction. Before puberty, small amounts of 
testosterone inhibit GnRH, LH, and FSH seeretion. At puberty, the 
hypothalamus beeomes much less sensitive to the inhibitory effeet of 
testosterone, and the rate of GnRH, LH, and FSH seeretion 
inereases. Elevated FSH levels promote sperm eell formation, and 
elevated LH levels cause the interstitial eells to seerete larger amounts 
of testosterone. Testosterone still has a negative-feedbaek effeet on 
the hypothalamus and anterior pituitary gland, but GnRH, LH, and 
FSH seeretion occur at substantially higher levels. 

33 What ehanges in hormone production occur at puberty? 

Effeets of Testosterone 

Testosterone is the major male hormone seereted by the interstitial 
eells of the testes. It is elassified as an androgen (andros is Greek for 


male human being) because it stimulates the development of male 
reproductive structures (see ehapter 25) and male seeondary sex ehar- 
aeteristies. The testes seerete other androgens, but they are produced 
in smaller eoneentrations and are less potent than testosterone. In 
addition, the testes seerete small amounts of estrogen and progester- 
one. Small amounts of testosterone are also produced by the adrenal 
cortex (see ehapter 15). 

Before birth, testosterone stimulates the development of the 
male reproductive system and is neeessary for the deseent of the tes- 
tes. During puberty, testosterone promotes the development of the 
male primary sex eharaeteristies, which include the ability to pro- 
duce sperm eells and the enlargement and differentiation of the male 
genitalia. Testosterone also promotes the development of male see- 
ondary sex eharaeteristies, which are the structural and behavioral 
ehanges, other than in the reproductive organs, that develop at 
puberty and distinguish adult males from females. Seeondary sex 
eharaeteristies in males include hair distribution and growth, skin 
texture, ehanges in the larynx, inereased metabolism, and skeletal 
muscle and bone development. After puberty, testosterone maintains 
the adult structure of the male genitalia, aeeessory sex glands, and 
seeondary sex eharaeteristies. 

Testosterone stimulates hair growth in the following regions: (1) 
the pubic area and extending up the linea alba, (2) the legs, (3) the 
ehest, (4) the axillary region, (5) the faee, and (6) the baek. It causes 
vellus hair to be eonverted to terminal hair, which is more pigmented 
and eoarser. 
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Table 24.1 


Major Reproductive Hormones and Their Effeets 


Hormone 

Source 

Target Tissue 

Males 



Gonadotropin-releasing 
hormone (GnRH) 

Hypothalamus 

Anterior pituitary 

Luteinizing hormone (LH) 

(also ealled interstitial 
cell-stimulating hormone 
[ICSH] in males) 

Anterior pituitary 

Interstitial eells in 
the testes 

Follicle-stimulating hormone 
(FSH) 

Anterior pituitary 

Seminiferous tubules 
(sustentacular eells) 

Testosterone 

Interstitial eells in the testes 

Testes and 
body tissues 


Anterior pituitary and 
hypothalamus 


Response 


Stimulates seeretion of LH and FSH 

Stimulates synthesis and seeretion of testosterone 



Supports spermatogenesis 

Supports spermatogenesis; stimulates development 
and maintenanee of reproductive organs, causes 
development of seeondary sex eharaeteristies 

Inhibits GnRH, LH, and FSH seeretion through negative 
feedbaek 


Females 

Gonadotropin-releasing 
hormone (GnRH) 

Luteinizing hormone (LH) 


Fol licle-stimulating 
hormone (FSH) 

Prolaetin 

Estrogen 


Progesterone 


Oxytocin* 


Human ehorionie 
gonadotropin (hCG) 


Hypothalamus 


Anterior pituitary 


Stimulates production of LH and FSH 


Anterior pituitary Ovaries 


Anterior pituitary Ovaries 


Causes follieles to eomplete maturation and undergo 
ovulation; causes ovulated folliele to beeome 
the corpus luteum; stimulates the primary 
ooeyte to divide 

Causes follieles to begin development 


Anterior pituitary Mammary glands 

Follieles of ovaries Uterus 

Mammary glands 

Anterior pituitary and 
hypothalamus 


Other tissues 

Corpus luteum of ovaries Uterus 

Mammary glands 
Anterior pituitary 

Other tissues 

Posterior pituitary Uterus and mammary 

glands 

Plaeenta Corpus luteum of ovaries 


Stimulates milk seeretion following ehildbirth 

Causes proliferation of endometrial eells 

Causes development of the mammary glands 
(espeeially duct systems) 

Has a positive-feedbaek effeet before ovulation, resulting 
in inereased LH and FSH seeretion; has a negative- 
feedbaek effeet, with progesterone, on the hypothalamus 
and anterior pituitary after ovulation, resulting in 
deereased LH and FSH seeretion 

Causes development of seeondary sex eharaeteristies 

Causes hypertrophy of endometrial eells and seeretion of 
fluid from uterine glands; helps maintain pregnaney 

Causes development of the mammary glands (espeeially 
alveoli) 

Has a negative-feedbaek effeet, with estrogen, on the 
hypothalamus and anterior pituitary after ovulation, 
resulting in deereased LH and FSH seeretion 

Causes development of seeondary sex eharaeteristies 

Causes eontraetion of uterine smooth muscle during 
intercourse and ehildbirth; causes eontraetion of 
myoepithelial eells in the breast, resulting in milk 
letdown in laetating women 

Maintains corpus luteum and inereases its rate of 
progesterone seeretion during the first one-third 
(first trimester) of pregnaney; inereases testosterone 
production in testes of male fetuses 


0 


*Covered in ehapter 25. 
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Male Pattern Baldness 


Some men have a genetie tendeney for male pattern baldness, 
vvhieh develops in response to testosterone and other androgens. 
When testosterone levels inerease at puberty, the density of the hair 
on the top of the head begins to deerease. Baldness usually reaehes 
its maximum rate of development vvhen the individual is in the third 
or fourth deeade of life. 


Testosterone causes the texture of the skin to beeome rougher 
or eoarser. The quantity of melanin in the skin also inereases, mak- 
ing the skin darker. Testosterone inereases the rate of seeretion 
from the sebaceous glands, contributing to the development of 
aene (see p. 115). 

Testosterone causes hypertrophy of the larynx and reduced ten- 
sion on the voeal folds. The structural ehanges ean first result in a 
voiee that is difficult to eontrol, but ultimately the voiee reaehes its 
normal masculine quality. 

Testosterone has a general stimulatory effeet on metabolism so 
that males have a slightly higher metabolie rate than females. The red 
blood eell count is inereased by nearly 20% as a result of the effeets 
of testosterone on erythropoietin production. Testosterone promotes 
protein synthesis in most tissues; as a result, skeletal muscle mass 
inereases at puberty. The average pereentage of the body weight eom- 
posed of skeletal muscle is greater for males than for females because 
of the effeet of androgens. 

Synthetie Androgens and Miisele Mass 

jp » 

Some athletes, espeeially weight lifters, ingest synthetie andro- 
gens in an attempt to inerease muscle mass. The side effeets of 
large doses of androgens are often substantial and include testie- 
ular atrophy, kidney damage, liver damage, heart attaek, and 
stroke. The use of synthetie androgens is highly discouraged by 
the medieal profession and is a violation of the rules of most ath- 
letie organizations. 


Testosterone causes rapid bone growth and inereases the deposi- 
tion of calcium in bone, resulting in an inerease in height. The 
growth in height is limited, however, because testosterone also stimu- 
lates ossifieation of the epiphyseal plates of the long bones (see ehap- 
ter 6). Males who mature sexually at an earlier age grow rapidly but 
reaeh their maximum height earlier. Males who mature sexually at a 
later age do not exhibit a rapid period of growth, but they grow for 
a longer period and ean beeome taller than those who mature sexu- 
ally at an earlier age. 

34 Deseribe the effeets of testosterone on male primary and seeondary 
sex eharaeteristies. 


Male Sexual Behavior and 
the Male Sexual Aet 

Testosterone is required to initiate and maintain male sexual behav- 
ior. Testosterone enters eells within the hypothalamus and the sur- 
rounding areas of the brain and influences their fimetion, resulting 
in sexual behavior. Male sexual behavior may depend in part, how- 
ever, on the eonversion of testosterone to other steroids, such as 
estrogen, in the eells of the brain. 


Prediet 



Prediet the effeet on male primary and seeondary sex eharaeteristies and sex- 
ual behavior if the testes fail to produce normal amounts of testosterone at 
puberty. 


The blood levels of testosterone remain relatively eonstant 
throughout the lifetime of a male from puberty until about 40 years of 
age. Thereafter, the levels slowly deeline to about 20% of this value by 
80 years of age, causing a slow deerease in sex drive and fertility. 

The male sexual aet is a complex series of reflexes that result 
in ereetion of the penis, seeretion of mucus into the urethra by 
the bulbourethral glands, emission, and ejaculation. Emission 
(é-mish'un, emitto, to send out) is the movement of sperm eells, 
mucus, prostatie seeretions, and seminal vesiele seeretions into the 
prostatie urethra, forming semen. Ejaculation (é-jak'u-là'shun) is 
the foreefiil expulsion of the semen to the exterior. Sensations, nor- 
mally interpreted as pleasurable, occur during the male sexual aet and 
result in an intense sensation ealled an orgasm (òr'gazm, orgaò, to 
swell or be excited), or climax. In males, orgasm is elosely assoeiated 
with ejaculation, although they are separate fimetions and do not 
ahvays occur simultaneously. A phase ealled resolution occurs after 
ejaculation. During resolution the penis beeomes flaeeid, an overall 
feeling of satisfaetion exists, and the male is unable to aehieve eree- 
tion and a seeond ejaculation. 

35 What is the role of testosterone in male sexual behavior? 

36 Define emission, ejaculation, orgasm, and resolution. 

Ereetion, Emission, and Ejaeiilation 

The male sexual aet is mediated through the brain and spinal eord. 
Psyehie stimuli, such as sight, sound, odor, or thoughts, ean affeet the 
brain and cause a psyehie ereetion. Ejaculation while sleeping (noctur- 
nal emission) is a relatively eommon event in young males and is 
thought to be triggered by psyehie stimuli assoeiated with dreaming. 
Psyehie stimuli ean also inhibit the sexual aet, and thoughts that are not 
sexual tend to deerease the effeetiveness of the male sexual aet. 

Aetion potentials from the brain affeet sexual fiinetions through 
parasympathetie eenters (S2—S4) and sympathetie eenters (T10— 
T12) in the spinal eord. Taetile stimulation ean generate aetion 
potentials affeeting these eenters. Rhythmie massage of the penis, 
espeeially the glans, and surrounding tissues, such as the serotal, anal, 
and pubic regions, is an important source of sensory aetion potentials 
that ean aetivate reflexes causing ereetion, emission, and ejaculation. 
As a result of this type of stimulation, aetion potentials also aseend 
the spinal eord to the eerebmm to produce conscious sexual sensations. 
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Aetion potentials from the brain then reinforee the spinal eord 
reflexes. Aetion potentials from the brain, however, are not absolutely 
required for the culmination of the male sexual aet, which ean occur 
in men with spinal eord injury if the appropriate reílex eenters are 
not damaged. 

Ereetion is the first major eomponent of the male sexual aet. 
Parasympathetie nerves from the saeral region of the spinal eord 
stimulate the arteries that supply blood to the ereetile tissues to 
dilate. At the same time, other arteries of the penis eonstriet to 
shunt blood to the ereetile tissues. Blood then fills small venous 
sinuses ealled sinusoids in the ereetile tissue, causing the ereetile tis- 
sue to expand. Expansion of the ereetile tissue eompresses veins and 
reduces blood flow from the penis, which contributes to the develop- 
ment and maintenanee of the ereetion. 

The nerve fibers causing dilation of penile blood vessels release 
aeetyleholine and nitrie oxide (NO) as neurotransmitter sub- 
stanees. Aeetyleholine binds to muscarinic reeeptors and aetivates a 
G protein meehanism that causes smooth muscle relaxation. Nitrie 
oxide diffiises into the smooth muscle eells of blood vessels and 
eombines with the enzyme guanylate eyelase, which eonverts guano- 
sine triphosphate (GTP) to eyelie guanosine monophosphate 
(eGMP). The eGMP causes smooth muscle eells to relax and blood 
vessels to dilate (figure 24.9). 

M Ji! 

Treatment of Ereetile Dysfunction 

Ereetile dysfunction (ED), or impotenee (im pó-tens, laek of 
power), is the failure to aehieve or maintain an ereetion. ED ean be 
caused by physieal or psyehologieal faetors, many of which are treat- 
able. There are many physieal causes of ED, including neurological 
disorders, such as spinal eord and brain injuries; vascular disease or 
trauma that reduces blood flow to the penis; hormonal disorders 
resulting in deereased testosterone; aging; side effeets of mediea- 
tions; and lifestyle faetors, such as aleohol use. 

Ereetion ean be aehieved in some people by oral medieations, 
such as sildenafil (Viagra), tadalafìl (Cialis), or vardenafìl (Levitra), or 
by the injeetion of speeifìe drugs into the base of the penis. These 
drugs inerease blood flow into the ereetile tissue of the penis, 
resulting in ereetion for many minutes. Sildenafìl bloeks the aetivity 
of an enzyme that eonverts eGMP to GMP.This allows eGMP to accu- 
mulate in smooth muscle eells in the arteries of ereetile tissues and 
causes them to relax. This response is effeetive in enhaneing eree- 
tion of the penis in males. Sildenafìl's aetion is not speeifìe to ereetile 
tissue of the penis. It also causes vasodilation in other tissues and 
ean inerease the workload of the heart. 


Emission is the accumulation of sperm eells and seeretions of 
the prostate gland and seminal vesieles in the urethra. Sympathetie 
eenters (TIO—T12) in the spinal eord, which are stimulated as the 
level of sexual tension inereases, eontrol emission. Sympathetie 
aetion potentials cause peristaltie eontraetions of the reproductive 
ducts and stimulate the seminal vesieles and the prostate gland to 
release their seeretions. Consequently, semen accumulates in the 
prostatie urethra and produces sensory aetion potentials that pass 
through the pudendal nerves to the spinal eord. Integration of these 
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1. Aetion potentials in parasympathetie neurons cause voltage-gated Ca 2+ 
ehannels to open, and Ca 2+ diffuse into the presynaptie terminals. 

2. Calcium ions initiate the release of aeetyleholine (ACh) from presynaptie 
vesieles. 

3. Calcium ions also aetivate nitrie oxide synthase, which promotes the 
synthesis of nitrie oxide (NO) from arginine. 

4. ACh binds to ACh reeeptors on the smooth muscle eells and aetivates a 
G protein meehanism. The aetivated G protein causes the relaxation of 
smooth muscle eells and ereetion of the penis. 

5. NO binds to guanylate eyelase enzymes and aetivates them. The 
aetivated enzymes eonvert GTP to eGMP, which causes relaxation of 
the smooth muscle eells and ereetion of the penis. 

Proeess Figure 24.9 Neural eontrol of Ereetion 


aetion potentials results in both sympathetie and somatie motor 
output. Sympathetie aetion potentials cause eonstrietion of the inter- 
nal urethral sphineter of the urinary bladder so that semen and urine 
are not mixed. Somatie motor aetion potentials are sent to skeletal 
muscle surrounding the bulb of the penis, stimulating several rhyth- 
mie eontraetions that cause ejaculation. 

37 Deseribe the role of the brain and spinal eord eenters in the male 
sexual aet. What are psyehie stimuli? 

38 What ehanges in blood flow in the penis result in an ereetion? 

39 By what meehanisms do aeetyleholine and nitrie oxide cause vasodilation? 

40 Deseribe the proeess of emission and ejaculation. 
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Relevanee 


Causes of Male Infertility 

Infertility (in-fer-til'i-tè) is a reduced 
or absent ability to produce offspring. The 
most eommon cause of infertility in males is 
a low sperm eell count. If the sperm eell 
count drops to below 20 million sperm eells 
per milliliter, the male is usually infertile. 

A deereased sperm eell count ean occur 
because of damage to the testes as a result 
of trauma, radiation, eryptorehidism, 
infeetions, such as mumps. A varieoeele 
(var'i-kò-sèl) is an abnormal dilation of a 
vein in the spermatie eord. It ean result from 
ineompetent or absent valves in testicular 
veins, from thrombi, orfrom tumors.There is 
a deerease in testicular blood flow and 
deereased spermatogenesis. 

Reduced sperm eell counts ean also 
result from inadequate seeretion of lutein- 
izing hormone and folliele-stinrmlating 
hormone, which ean be caused by hypo- 
thyroidism, trauma to the hypothalarrms, 
infaretions of the hypothalanrms or ante- 
rior pituitary gland, and tumors. Deereased 
testosterone seeretion also reduces the 
sperm eell count. 


Infertility 

Fertility is reduced if the sperm eell 
count is normal but sperm eell structure is 
abnormal. Abnormal sperm eell structure 
ean be due to ehromosomal abnormalities 
or abnormal genes. Reduced sperm eell 
motility also results in infertility. A major 
cause of reduced sperm eell motility is anti- 
sperm antibodies, produced by the imnrmne 
system, which bind to sperm eells. 

Fertility ean sometimes be aehieved by 
eolleeting several ejaculations and eoneentrat- 
ing the sperm eells. The more eoneentrated 
sperm eells ean then be introduced into the 
female's reproductive traet, a proeess ealled 
artifìeial insemination (in-sem-i-nà'shun). 


Causes of Female Infertility 

The causes of infertility in females include 
malfunctions of the uterine tubes, reduced 
hormone seeretion from the pituitary or 


ovary, and intermption 


implantation. 


Adhesions from pelvie inflammatory eondi- 
tions caused by a variety of infeetions ean 
cause the bloekage of one or both uterine 
tubes and is a relatively eommon cause of 
infertility in women. Reduced ovulation ean 


result from inadequate seeretion of LH and 
FSH, which ean be caused by hypothyroidism, 
trauma to the hypothalamus, infaretions of 
the hypothalamus or anterior pituitary gland, 
and tumors. Intermption of implantation may 
result from uterine tumors or eonditions caus- 
ing abnormal ovarian hormone seeretion. 

Endometriosis (en'dó-mè-trè-ó'sis), 
eondition in which endometrial tissue is 
present in abnormal loeations, reduces fer- 
tility. Generally, endometriosis is thought to 
result from some endometrial eells passing 
from the uterus through the uterine tubes 
into the pelvie eavity. The endometrial eells 
invade the peritoneum of the pelvie eavity. 
Periodie inflammation of the areas where 
the endometrial eells have invaded occurs 
because the endometrium is sensitive to 
estrogen and progesterone. Endometriosis 
is a cause of abdominal pain assoeiated with 
menstruation and it ean reduce fertility. 
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24.5 Anatomy of the Female 

Reproductive System 

The female reproductive organs eonsist of the ovaries, uterine tubes, 
uterus, vagina, external genitalia, and mammary glands. The internal 
reproductive organs of the female are within the pelvis between the 
urinary bladder and the rectum (figure 24.10). The uterus and the 
vagina are in the midline, with the ovaries to eaeh side of the uterus. 
A group of ligaments holds the internal reproductive organs in plaee. 
The most conspicuous is the broad ligament, an extension of the 
peritoneum that spreads out on both sides of the uterus and to which 
the ovaries and uterine tubes are attaehed (figure 24.11). 

41 List the organs of the female reproductive system. What is the broad 
ligament? 

Ovaries 

The two ovaries (ò'var-èz) are small organs about 2—3.5 em long and 
1—1.5 em wide (see figure 24.11). The suspensory ligament extends 
from eaeh ovary to the lateral body wall, and the ovarian ligament 
attaehes the ovary to the superior margin of the uterus. In addition, 


an extension of the broad ligament supports the ovaries. The ovarian 
arteries, veins, and nerves traverse the suspensory ligament and enter 
the ovary. 

42 Name and deseribe the ligaments that hold the ovaries in plaee. 

Ovarian Histology 

A layer of viseeral peritoneum eovers the surface of the ovary. 
Immediately under the viseeral peritoneum is a capsule of dense fibrous 
eonneetive tissue, the tunica albuginea (al-bu-jin'è-à). The denser, outer 
part of the ovary is ealled the cortex and the looser, inner part is ealled 
the medulla (figure 24.12). Blood vessels, lymphatie vessels, and nerves 
enter the medulla. Numerous small vesieles ealled ovarian follieles, eaeh 
of which eontains an ooeyte, are distributed throughout the cortex. 

43 Deseribe the eoverings and structure of the ovary. 

Ooeyte Development and Fertilization 

Oogenesis (ò'ò-jen'é-sis), the development of ooeytes, begins in 
the fetus. By the fourth month of development, the ovaries eon- 
tain 5 million oogonia (ò-ò-gò'nè-à, oon> egg + gone, generation), 
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The ovary is seetioned to illustrate its internal structure (the inset shovvs plane of seetion). Ovarian follieles from eaeh major stage of development are shovvn. 


the eells from which ooeytes develop (figure 24.13). Oogonia ean 
form after birth from stem eells, but the extent to which this 
occurs, and how long it occurs, is not elear. By the time of birth, 
many of the oogonia have degenerated, and those that remain have 
begun meiosis and are now ealled primary ooeytes. Meiosis stops, 
however, during the first meiotie division at a stage ealled prophase I. 
There are about 2 million primary ooeytes at birth, but their num- 

bers deerease to around 300,000 to 400,000 by puberty. Only 
about 400 primary ooeytes will eomplete development and give 
rise to the seeondary ooeytes that are released from the ovaries 
during ovulation. 

Ovulation (ov'u-là'shun, ò'vu-là'shun) is the release of a see- 
ondary ooeyte from an ovary (see figure 24.13). Just before ovula- 
tion, the primary ooeyte eompletes the first meiotie division to 
produce a seeondary ooeyte and a polar body. The first meiotie 
division is a reduction division and the seeondary ooeyte and the 
polar body eaeh have 23 ehromosomes (two ehromatids). Unlike 
meiosis in males, eytoplasm is not split evenly between the two 
eells. Most of the eytoplasm of the primary ooeyte remains with the 


seeondary ooeyte. The eytoplasm eontains organelles, such as mito- 
ehondria, and nutrients that inerease the viability of the seeondary 
ooeyte. The polar body degenerates or divides to form two polar 
bodies, which degenerate. The seeondary ooeyte begins the seeond 
meiotie division, but it stops in metaphase II. 

After ovulation, the seeondary ooeyte may be fertilized by 
a sperm eell (see figure 24.13). Fertilization (fer'til-i-zà-shun) 
begins when a sperm eell penetrates into the eytoplasm of a see- 
ondary ooeyte and ends with the formation of a single eell ealled 
a zygote (zì'gót, yoked). After the sperm eell penetrates the see- 
ondary ooeyte, the seeondary ooeyte eompletes the seeond meiotie 
division to form two eells, eaeh eontaining 23 ehromosomes 
derived from the ehromatids in the seeondary ooeyte. One of these 
eells has very little eytoplasm and is another polar body that 
degenerates. In the other, larger eell, the 23 ehromosomes from 
the female join with the 23 ehromosomes from the sperm eell to 
eomplete fertilization. The zygote that results has 23 pairs of ehro- 
mosomes for a total of 46 ehromosomes. One member of eaeh pair 
eame from the father and one member eame from the mother. The 
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1. Oogonia are the eells from which ooeytes arise. 
The oogonia divide by mitosis to produce other 
oogonia and primary ooeytes. 


2. Five million ooeytes may be produced by the 
fourth month of prenatal life. Primary ooeytes 
begin the first meiotie division but stop at 
prophase I. All of the primary ooeytes remain in 
this state until puberty. 


3. The first meiotie division is eompleted in a single 
mature folliele just before ovulation during eaeh 
menstrual eyele. A seeondary ooeyte and the 
first polar body result from the unequal division 
of the eytoplasm. 


4. The seeondary ooeyte begins the seeond 
meiotie division but stops at metaphase II. 


5. The seeond meiotie division is eompleted after 
ovulation and after a sperm eell unites with the 
seeondary ooeyte. A seeondary ooeyte and a 
seeond polar body are formed. 


6. Fertilization is eompleted after the nuclei of the 
seeondary ooeyte and the sperm eell unite. The 
resulting eell is ealled a zygote. 
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zygote divides by mitosis to form two eells, which divide to form 
four eells, and so on. An embryo (em'bré-ò) is the developing 
human between the time of fertilization and 8 weeks of develop- 
ment. Approximately 7 or 8 days after ovulation, the embryo 
attaehes to the wall of the uterus and beeomes embedded within it. 
This proeess is ealled implantation. The embryo continues develop- 
ment within the uterus and beeomes a fetus (fè'tus), which is a 
developing human from 8 weeks to birth (see ehapter 25). 

44 Starting with oogonia, deseribe the formation of seeondary ooeytes 
by meiosis. What are polar bodies? 

45 Define ovulation, fertilization, zygote, impiantation, embryo, and fetus. 

46 How many pairs of ehromosomes are in a zygote and where do they 
eome from? 

Folliele Development 

A primordial folliele is a primary ooeyte surrounded by a single 
layer of flat eells, ealled granulosa eells (figure 24.14). Beginning 
with puberty, hormonal ehanges periodieally stimulate folliele devel- 
opment. Primordial follieles are eonverted to primary follieles when 
the ooeyte enlarges and the single layer of granulosa eells beeomes 


enlarged and cuboidal. Subsequently, several layers of granulosa eells 
form and a layer of elear material is deposited around the primary 
ooeyte ealled the zona pellucida (zò'nà pellu'sid-dà, zone, girdle + 
pellucidus, passage of light). 

The primary folliele enlarges and beeomes a seeondary folliele 
as fluid-filled spaees ealled vesieles form among the granulosa eells, 
and a capsule ealled the theea (thè'kà, a box) forms around the fol- 

liele (see figure 24.14). 

The seeondary folliele continues to enlarge and beeomes a 
mature, or Graafian (graf'è-àn, named for Dutch histologist Reijnier 
de Graaf [1641]), folliele when the vesieles fuse to form a single, 
fluid-filled ehamber ealled the antrum (an'trfim). The primary 
ooeyte is pushed off to one side and lies in a mass of granulosa eells. 

The mature folliele forms a lump on the surface of the ovary, and 
the primary ooeyte divides to form a seeondary ooeyte. During ovu- 
lation, the mature folliele ruptures and the seeondary ooeyte sur- 
rounded by some granulosa eells is released into the peritoneal eavity. 
The granulosa eells resemble a crown radiating from the ooeyte and 
are thus ealled the eorona radiata. 

In most eases, only one of the follieles that begin to develop 
forms a mature folliele and undergoes ovulation. The other follieles 
degenerate. 
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1. The primordial folliele eonsists of a primary 
ooeyte surrounded by a single layer of 
squamous granulosa eells. 


2. A primordial folliele beeomes a primary folliele 
as the granulosa eells beeome enlarged and 
cuboidal. 


3. The primary folliele enlarges. Granulosa eells 
form more than one layer of eells. A zona 
pellucida forms around the primary ooeyte. 


4. A seeondary folliele forms when fluid-filled 
vesieles (spaees) develop among the granulosa 
eells and a well-developed theea beeomes 
apparent around the granulosa eells. 


5. A mature folliele forms when the fluid-filled 
vesieles form a single antmrn. When a folliele 
beeomes fully mature, it is enlarged to its 
maximum size, a large antmrn is present, and 
the primary ooeyte is surrounded by a mass of 
granulosa eells. Just prior to ovulation, the first 
meiotie division is eompleted to produce a 
seeondary ooeyte and a polar body (see figure 
24 . 13 ). 


6. During ovulation the seeondary ooeyte is 
released from the folliele. Granulosa eells 
surrounding the seeondary ooeyte form the 
eorona radiata. 


7. Following ovulation, the granulosa eells divide 
rapidly and enlarge to form the corpus luteum. 


8. When the corpus luteum degenerates, it forms 
the corpus albieans. 
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47 Distinguish among primordial, primary, seeondary, and mature 
follieles. 

48 What is released from the ovary by ovulation? 


Fate of the Folliele 

After ovulation, the remaining eells of the ruptured folliele are trans- 
formed into a glandular structure ealled the corpus luteum (kòr'pits, 
body; loo'tè-um, yellow) (see figure 24.14). If pregnaney occurs, the 
corpus luteum enlarges and remains throughout pregnaney as the 
corpus luteum of pregnaney. If pregnaney does not occur, the eor- 
pus luteum remains fimetional for about 10-12 days and then 
degenerates to beeome the corpus albieans (al'bl-kanz, white body). 
The corpus albieans shrinks and eventually disappears after several 
months or even years. 

49 What is the corpus luteum? What happens to the corpus luteum if 
fertilization occurs? If fertilization does not occur? 


Llterine Tubes 

There are two uterine tubes, also ealled fallopian (fa-ló'pè-an) tubes 
or oviducts (ò'vi-dukts). Eaeh uterine tube is assoeiated with an 
ovary and extends to the uterus along the superior margin of the 
broad ligament (see figure 24.11). The uterine tube opens direetly 
into the peritoneal eavity to reeeive the ooeyte from the ovary. The 
infundibulum (in-fun-dib'u-lum, fimnel) is the fiinnel-shaped end 
of the uterine tube. The opening of the infundibulum is surrounded 
by long, thin proeesses ealled fimbriae (fim'brè-è, fringe). The inner 
surfaces of the fimbriae eonsist of a eiliated mucous membrane. The 
part of the uterine tube that is nearest the infundibulum is ealled the 
ampulla. It is the widest and longest part of the tube and accounts 
for about 7.5—8 em of the total 10 em length of the tube. 

The wall of eaeh uterine tube eonsists of three layers (see figure 
24.11). The outer serosa is formed by the viseeral peritoneum, the 
middle muscular layer eonsists of longitudinal and circular smooth 
muscle eells, and the inner mucosa is a mucous membrane of simple 
eiliated columnar epithelium. Muscular eontraetions and movement 
of the eilia move the ooeyte, or the developing embryo, through the 
uterine tubes toward the uterus. 

50 Deseribe the parts of the uterine tube and the three layers of the 
uterine wall. 

51 How are the uterine tubes involved in moving the ooeyte or the zygote? 


Uterus 

The uterus (u'ter-us) is the size and shape of a medium-sized pear— 
about 7.5 em long and 5 em wide (see figures 24.10 and 24.11). It is 

oriented in the pelvie eavity, with the larger, rounded part direeted 
superiorly. The part of the uterus superior to the entranee of the 
uterine tubes is the fundus (firn'dtis), and the main part of the uterus 
is the body. The cervix (ser'viks, neek) is the narrower, inferior part 
of the uterus. Internally, the uterine eavity in the fundus and uterine 
body continues through the cervix as the eervieal eanal, which opens 
into the vagina. 


Disorders of the Uterus 

¥ 

Llterine leiomyomas (ll'-ó-ml'màs), also ealled uterine fibroids, 
are enlarged masses of smooth muscle in the myometrium, and they 
are one of the most eommon disorders of the uterus. They are the 
most frequent tumor in women, affeeting one of every four. Three- 
fourths of the women with this eondition, however, experience no 
symptoms. The enlarged mass eompresses the uterine lining (endo- 
metrium), resulting in isehemia, inflammation, and frequent and 
severe menstruations. Abdominal eramping because of strong uter- 
ine eontraetions ean be present. Constant menstmation is a frequent 
manifestation of these tumors, and it is one of the most eommon 
reasons that women eleet to have the uterus removed, a procedure 
ealled a hystereetomy (his-ter-ek'tò-mé). 

Cancer of the cervix is relatively eommon and fortunately ean 
be deteeted and treated. Early in the development of eervieal eaneer, 
the eells of the cervix ehange in a eharaeteristie way.This ehange ean 
be observed by examining a eell sample mieroseopieally. The most 
eommon technique is to obtain a Papanicolaou (Pap) smear, which 
is named after a U.S. physieian who developed the technique. Pap 
smears have a reliability of 90% for deteeting eervieal eaneer. A eervi- 
eal eaneer vaeeine (Gardasil) prevents eervieal eaneer by providing 
proteetion against infeetion by the human papillomavims, which ean 
cause eaneer and genital warts. 


The major ligaments holding the uterus in plaee are the broad 
ligament, the round ligaments (see figure 24.11), and the utero- 
saeral ligaments. The broad ligament is a peritoneal fold extending 
from the lateral margin of the uterus to the wall of the pelvis on 
either side. It also ensheaths the ovaries and the uterine tubes. The 
round ligaments extend from the uterus through the inguinal 
eanals to the labia majora, and the uterosacral ligaments attaeh the 
lateral wall of the uterus to the saernm. In addition to these liga- 
ments that support the uterus, much support is provided inferiorly 
to the uterus by skeletal muscles of the pelvie floor. If ligaments 
that support the uterus or muscles of the pelvie floor are weakened, 
such as in ehildbirth, the uterus ean extend inferiorly into the 
vagina, a eondition ealled a prolapsed uterus. Severe eases require 
surgical eorreetion. 

The uterine wall is eomposed of three layers: the perimetrium, 
myometrium, and endometrium (see figure 24.11). The outer peri- 
metrium (per-i-mé'tré-um), or serous layer, is viseeral peritoneum. 
The middle myometrium (ml'ò-mè'trè-um), or muscular layer, 
eonsists of a thiek layer of smooth muscle. The myometrium 
accounts for the bulk of the uterine wall and is the thiekest layer of 
smooth muscle in the body. The inner endometrium (en'dò- 
mè'trè-um), or mucous membrane, eonsists of a simple eohimnar 
epithelial lining and eonneetive tissue. Simple tubular glands, 
ealled endometrial glands, are formed by folds of the endometrium. 
The superficial part of the endometrium is sloughed off during 
menstmation. 

Columnar epithelial eells line the eervieal eanal, which eontains 
eervieal mucous glands. The mucus fills the eervieal eanal and aets 
as a barrier to substances that could pass from the vagina into the 
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uterus. Near ovulation, the eonsisteney of the mucus ehanges, mak- 
ing the passage of sperm eells from the vagina into the uterus easier. 

52 Name the parts and eavities of the uterus. 

53 Name the major ligaments holding the uterus in plaee. 

54 Deseribe the layers of the uterine vvall. 


Vagina 

The vagina (và-jl'nà) is the female organ of copulation and reeeives 
the penis during intercourse. It also allows menstmal flow and ehild- 
birth. The vagina is a tube about 10 em long that extends from the 
uterus to the outside of the body (see figures 24.10 and 24.11). The 
superior, domed part of the vagina, the fornix (fòr'niks, domed), is 
attaehed to the sides of the cervix so that a part of the cervix extends 
into the vagina. 

The wall of the vagina eonsists of an outer, muscular layer and 
an inner mucous membrane. The muscular layer is smooth muscle 
and eontains many elastie fibers. Thus, the vagina ean inerease in size 
to aeeommodate the penis during intercourse, and it ean streteh 
greatly during ehildbirth. The mucous membrane is moist stratified 
squamous epithelium that forms a proteetive surface layer. Lubricating 
fluid passes through the vaginal epithelium into the vagina during 
intercourse. 

The vaginal orifiee is the opening of the vagina to the outside. 
In young females, the vaginal orifiee is eovered by a thin mucous 
membrane ealled the hymen (hl'men, membrane). The hymen 
ean eompletely elose the vaginal orifiee, in which ease it must be 
removed to allow menstmal flow. More eommonly, the hymen is 
perforated by one or several holes. The openings in the hymen are 
usually greatly enlarged during the first sexual intercourse. The 
hymen ean also be perforated or torn at some earlier time in a 
young female’s life during a variety of aetivities, including strenu- 
ous exercise. The eondition of the hymen is therefore not a reliable 
indieator of virginity. 

55 Where isthe vagina loeated? 

56 Deseribe the layers of the vaginal wall. 

57 What is the hymen? 


External Genitalia 

The female genitalia ean be divided into the internal and external 
female genitalia. The internal female genitalia are the ovaries, uter- 
ine tubes, uterus, and vagina. The external female genitalia are also 
ealled the external female genitals, vulva (viil'và, a wrapper or 
eovering), or pudendum (pu-den'dum, to feel ashamed). The exter- 
nal female genitalia eonsist of the vestibule and its surrounding 
structures (figure 24.15). The vestibule (ves'ti-bool, entranee court) 
is the spaee into which the vagina and urethra open. The urethra 
opens just anterior to the vagina. The vestibule is bordered by a pair 
of thin, longimdinal skin folds ealled the labia minora (la bè-à, lips; 
ml-nò'rà, small). A small, ereetile structure ealled the elitoris 
(klit'ó-ris, kll'tò-ris) is loeated in the anterior margin of the vesti- 
bule. The two labia minora unite over the elitoris to form a fold of 
skin ealled the prepuce. 
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The elitoris is usually less than 2 em in length and eonsists of a 
shaft and a distal glans. Well supplied with sensory reeeptors, it initiates 
and intensifies levels of sexual tension. The elitoris eontains two ereetile 
structures, the eorpora eavernosa. The bases of the eorpora eavernosa 
expand to form the crura of the elitoris, which attaeh the elitoris to the 
coxal bones. The eorpora eavernosa of the elitoris are eomparable to the 
eorpora eavernosa of the penis, and they beeome engorged with blood 
as a result of sexual excitement. In most women, this engorgement 
results in an inerease in the diameter, but not the length, of the elitoris. 
With inereased diameter, the elitoris makes better eontaet with the 
prepuce and surrounding tissues and is more easily stimulated. 

Ereetile tissue that eorresponds to the corpus spongiosum of the 
male lies deep to the vaginal orifiee along the lateral sides of 
the vagina. Eaeh ereetile body is ealled a bulb of the vestibule. Like 
other ereetile tissue, it beeomes engorged with blood and is more 
sensitive during sexual arousal. Expansion of the bulbs causes nar- 
rowing of the vaginal orifiee and produces better eontaet of the 
vagina with the penis during intercourse. 

On eaeh side of the vestibule, between the vaginal orifiee and 
the labia minora, is an opening of the duct of the greater vestibular 
gland. Additional small mucous glands—the lesser vestibular 
glands, or paraurethral glands —are loeated near the elitoris and 
urethral opening. They produce a lubricating fluid that helps main- 
tain the moistness of the vestibule. 

Lateral to the labia minora are two prominent, rounded folds of 
skin ealled the labia majora (see figure 24.15). Subcutaneous adipose 
tissue is primarily responsible for the prominenee of the labia majora. 
The two labia majora unite anteriorly in an elevation over the sym- 
physis pubis ealled the mons pubis (monz, mound, pu'bis). The lat- 
eral surfaces of the labia majora and the surface of the mons pubis are 
eovered with eoarse hair. The medial surfaces are eovered with numer- 
ous sebaceous and sweat glands. The spaee between the labia majora 
is ealled the pudendal (pu-den'dàl) eleft. Most of the time, the labia 
majora are in eontaet with eaeh other aeross the midline, elosing the 
pudendal eleft and eovering the deeper structures within the vestibule. 
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Fibroeystie Changes in the Breast 


Fibroeystie ehanges in the breast are 
benign ehanges.They include theformation 
of fluid-fìlled eysts, hyperplasia of the duct 
system of the breast, and the deposition of 
fibrous eonneetive tissue. These ehanges 
occur in approximately 10% of women who 
are less than 21 years of age, 25% of women 
in their reproductive years, and 50% of 
women who are postmenopausal.The cause 
of the eondition is not known. Major mani- 
festations are breast pain, espeeially during 
the seeretory phase of the menstrual eyele 
and continuing until menstruation. Some 
evidenee suggests that some women with 
eertain types of duct hyperplasia, when 
assoeiated with a family history of breast 
eaneer, have an inereased likelihood of 
developing breast eaneer. 

Breast Cancer 

Breast eaneer is a serious, often fatal, disease 
in women. It is the most eommon eaneer in 

t _ 


Disorders of the Breast 

North Ameriean women. Greater than 75% 
of the breast eaneer eases occur in women 
older than 50 years of age, and 85% involve 
eaneer of the epithelium of the ducts of the 
mammary glands (ductal eareinoma). 

The younger a woman's age when her 
fìrst ehild is born, the lower her risk of devel- 
oping breast eaneer. However, the risk for 
breast eaneer is not lower in young women 
who beeome pregnant but whose pregnan- 
eies do not go full-term. Also, women who 
have never given birth are at a greater risk 
than those who have given birth. It appears 
that differentiation of the breast epithelium 
caused by the first pregnaney deereases the 
riskfor eaneer because it reduces the amount 
of undifferentiated epithelium in the breast. 

A reduced eaneer risk because of early 
menopause, or removal of the ovaries, is 
probably due to the deereased exposure of 
the breast epithelium to estrogen and 
progesterone. An inereased duration of the 
use of postmenopausal estrogen and pro- 



gesterone is eorrelated with an inereased 
ineidenee of eaneer. There is a deerease in 
breast eaneer ineidenee with the use of drugs 
that bloekthe effeet of estrogen reeeptors. 

A number of environmental faetors 
have been assoeiated with the develop- 
ment of breast eaneer. Exposure to ionizing 
radiation, espeeially during adoleseenee 
and during pregnaney when epithelial eells 
are dividing more rapidly than at other 
times, is eorrelated with breast eaneer. 
High fat intake and obesity are also eorre- 
lated with breast eaneer. A number of envi- 
ronmental faetors mimie estrogen, such as 
eomponents of plasties, fuels, pharmaceu- 
tieals, and ehlorine-based ehemieals (such 
as DDT, PCBs, and chlorofluorocarbons), 
and these may inerease the ineidenee of 
breast eaneer. 
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58 What are the female genitalia? 

59 What ereetile tissue is in the elitoris and bulb of the vestibule? 

60 What is the function of the elitoris and bulb of the vestibule? 

61 Deseribe the labia minora, prepuce, labia majora, pudendal eleft, and 
mons pubis. 

62 Where are the greater and lesser vestibular glands loeated? What is 
their function? 

Perineum 

The region between the vagina and the anus is the elinieal perineum 
(per'i-nè'um, area between the thighs) (see figure 24.15). The skin and 
muscle of this region ean tear during ehildbirth. To prevent such tear- 
ing, an ineision ealled an episiotomy (e-piz-è-ot'ò-mè, pubic region + 
tòme, ineision) is sometimes made in the elinieal perineum. Traditionally, 
this elean, straight ineision was thought to result in less injury, less 
trouble in healing, and less pain. However, many srndies indieate that 
there is less injury and pain when no episiotomy is performed. 

63 What is the elinieal perineum? 

64 Define and give the purpose of an episiotomy. 

Mammary Glands 

The mammary glands are modified sweat glands that produce milk. 
The mammary glands are loeated within the mammae (mam'è), or 


breasts (figure 24.16). Externally, the breasts of both males and females 
have a raised nipple surrounded by a circular, pigmented areola 
(à-rè'ò-là). The areolae normally have a slightly bumpy surface caused 
by the presenee of modified sweat glands ealled areolar glands. 
Seeretions from these glands proteet the nipple and the areola from 
ehafing during nursing. The nipples eontain smooth muscle; when the 
smooth muscle eontraets, the nipple beeomes ereet. The smooth muscle 
eontraets in response to stimuli, such as touch, eold, and sexual arousal. 

The breasts are supported by the suspensory ligaments, which 
extend from the faseia over the peetoralis major muscles to the skin 
over the breasts and prevent them from excessive sagging. In older 
adults, the suspensory ligaments ean weaken and elongate, inereas- 
ing the tendeney for the breasts to sag. 

Eaeh adult female mammary gland usually eonsists of 15—20 
glandular lobes eovered by a eonsiderable amount of adipose tissue 
(see figure 24.16^). The lobes are subdivided into lobules. Ducts 
from the lobules eonverge to form a single lactiferous duct exiting 
eaeh lobe. Eaeh lactiferous duct opens independently to the surface 
of the nipple. A lactiferous sinus is a spindle-shaped expansion of 
the lactiferous duct that ean accumulate milk when it is produced. 

In prepubescent ehildren, the general structure of the male 
and female breasts is similar, and both males and females possess a 
rudimentary duct system. The female breasts begin to enlarge dur- 
ing puberty, under the influence of estrogen and progesterone. 
There is some duct development, but most of the ehange results 
from an accumulation of adipose tissue, which gives the breast its 
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Figlire 24.16 Anatomy of the Breast and Mammary Glands 

(a) In the nonlaetating breast, only the duct system is present. (b) The mammary gland eonsists of lobes, vvhieh are made up of lobules. Ducts from the lobules 
eonverge to form lactiferous ducts. In the laetating breast, the ends of the ducts in the lobules have seeretory saes, ealled alveoli, vvhieh produce milk. Surrounding the 
alveoli are myoepithelial eells, vvhieh ean eontraet, causing the movement of milk out of the alveoli. 


form. Some males also experience a minor and temporary enlarge- 
ment of the breasts at puberty. Tbe breasts of a male ean beeome 
permanently enlarged, however, a eondition ealled gyneeomastia 
(gTné-kò-mas'tè-à). Causes of gyneeomastia include hormonal 
imbalanees and the abuse of anabolie steroids. 

Before pregnaney, there is only a duct system with the lobules 
(see figure 24A6a). During pregnaney, the duct system within the 
lobules undergoes extensive development, and by the end of the 
5th month of pregnaney the ends of the ducts form saes ealled 
alveoli (see figure 24.16^). In the laetating, or milk-producing, 
breast, the alveoli are the site of milk production. Myoepithelial 
eells surrounding the alveoli ean eontraet to expel milk from them. 
After laetation eeases, most of the alveoli are reabsorbed and the 
lobules shrink. 

65 Deseribe the anatomy of the breasts and mammary glands. 

66 How do the breast and mammary glands ehange during puberty, 
pregnaney, and after laetation eeases? 

67 Deseribe the route taken by a drop of milk from its site of production 
to the outside of the body. 


24.6 Physiology of Female 

Reproduct on 

Female reproduction is under the eontrol of hormonal and nervous 
regulation. 

Puberty 

The first signs of puberty typieally appear between 11 and 13 years of 
age in girls, and the proeess is largely eompleted by age 16. Puberty in 
females is marked by the first episode of menstmal bleeding, which is 
ealled menarehe (me-nar'ké, mèn, month + arehé, beginning). 

Before puberty, GnRH, LH, FSH, estrogen, and progesterone are 
seereted in very small amounts. Estrogen and progesterone from the 
ovaries have a strong negative-feedbaek effeet on the hypothalamus and 
pituitary gland. At puberty, not only are GnRH, LH, and FSH seereted 
in greater quantities than before puberty but also the adult pattern is 
established, in which a eyelie pattern of hormone seeretion occurs. 

During puberty, inereased estrogen and progesterone promote 
the development of the female primary sex eharaeteristies, which 
include the ability to produce ooeytes and the enlargement and 
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differentiation of the female genitalia. Hormones also promote the 
development of female seeondary sex eharaeteristies, which are 
the structural and behavioral ehanges, other than in the reproduc- 
tive organs, that develop at puberty and distinguish adult females 
from males. For example, adipose tissue is deposited in the breasts 
and around the hips, the pelvis widens, and the sex drive develops. 
Pubic and axillary hair forms and terminal hair develops in other 
parts of the body, but to a lesser extent than in males. 

68 Define menarehe. What ehanges in hormone seeretion occur during 
puberty? 

69 Deseribe the female primary and seeondary sex eharaeteristies. 

Menstmal Cycle 

The menstmal eyele eonsists of the periodie ehanges occurring in 
the ovaries and uterus of a sexually mature, nonpregnant female that 
result in the production of a seeondary ooeyte and prepare the uterus 
for implantation. Typieally, the menstmal eyele is about 28 days 
long, although it ean be as short as 18 days in some women and as 

long as 40 days in others (figure 24.17). 

The menstrual eyele is subdivided into phases based on the tim- 
ing of events in the uterus. Day 1 of the menstmal eyele is marked 
by menstmation (men-stroo-à'shun), which is the diseharge of 
blood and part of the endometrium from the uterus. Menstmation 
is also ealled menses and menstmal bleeding. The menstmal phase 
is the time between the beginning and the end of menstmation, 
which is typieally days 1-5 of the eyele. 

Ovulation occurs on about day 14 of a 28—day menstmal 
eyele, although the timing of ovulation varies from individual to 
individual and varies within a single individual from one menstmal 
eyele to the next. The proliferation phase is the time between the 
end of menstmation and ovulation. During the proliferation phase, 
the number of eells in the endometrium rapidly inereases and the 
endometrium beeomes thieker. The seeretory phase is the time 
between ovulation and the beginning of the next menstmation. 
During the seeretory phase, the endometrium produces seeretions 
and beeomes thieker. 

Gonadotropin-releasing hormone produced by the hypothala- 
mus stimulates the release of FSH and LH from the anterior pitu- 
itary (see figure 24.17). These hormones affeet folliele development, 
ovulation, and corpus luteum development in the ovaries. The folli- 
eles and corpus luteum produce estrogen and progesterone, which 
regulate ehanges in the endometrium in the uterus (table 24.2). 

70 Definethe menstrual eyele. 

71 What is the length of a typieal menstrual eyele? On which day does 
ovulation occur? 

72 Define the phases of the menstmal eyele. 

Menstmal Phase 

FSH from the anterior pimitary is mainly responsible for initiating the 
development of primary follieles, and as many as 25 begin to mature 
during eaeh eyele (see figure 24.17). The follieles that start to develop 
in response to FSH may not ovulate during the same eyele in which 
they begin to mature, but they may ovulate one or two eyeles later. 


Menstmation begins because of a deerease in estrogen and pro- 
gesterone production in the previous eyele. Deereased blood delivery 
to the endometrium results in eell death, the breakdown of the super- 
fieial endometrium, and some bleeding from the damaged tissue. 
IJterine eontraetions expel the menstmal fluid from the uterus 
through the cervix and into the vagina. 

73 How many follieles normally start to mature during a eyele? What 
keeps them all from maturing? 

Proliferative Phase and Ovulation 

Early in the proliferative phase, the release of GnRH from the 
hypothalamus inereases, which stimulates the production and 
release of a small amount of FSH and LH by the anterior pimitary. 
FSH and LH stimulate follicular growth and estrogen seeretion. 
LH stimulates the theeal eells to produce androgens, which diffhse 
from these eells to the granulosa eells. FSH stimulates the granu- 
losa eells to eonvert the androgens to estrogen. 

Estrogen produced by the maturing follieles stimulates eell divi- 
sions in the endometrium. The epithelial eells remaining after men- 
stmation rapidly divide and replaee the eells that were sloughed during 
the previous eyele. A relatively uniform layer of low cuboidal endome- 
trial eells is produced. It later beeomes columnar and is folded to form 
tubular spiral glands. Blood vessels ealled spiral arteries projeet 
through the delieate eonneetive tissue that separates the individual spiral 
glands to supply nutrients to the endometrial eells (see figure 24.17). 
Estrogen also makes the uterus more sensitive to progesterone by stimu- 
lating the synthesis of progesterone reeeptors within the uterine eells. 

As estrogen levels inerease, they have a negative-feedbaek effeet 
on the seeretion of LH and FSH by the anterior pituitary. Inhibin 
produced by the follieles also has a negative-feedbaek effeet on FSH 
seeretion. When estrogen levels inerease to a eritieal level, however, 
they begin to have a positive-feedbaek effeet on LH and FSH release 
from the anterior pimitary. Consequently, LH and FSH seeretion 
inereases rapidly and in large amounts just before ovulation. The rapid 
inerease in blood levels of LH is ealled the LH surge, and the inerease 
in FSH is ealled the FSH surge (see figure 24.17). The LH surge 

causes the primary ooeyte to eomplete the first meiotie division and 
beeome a seeondary ooeyte, stimulates ovulation, and causes the ovu- 
lated folliele to beeome the corpus luteum. The FSH surge initiates 
the development of follieles that develop and may ovulate during later 
ovarian eyeles. A1 though several follieles begin to mature during eaeh 
eyele, normally only one is ovulated. The remaining follieles degener- 
ate. Larger and more mature follieles appear to seerete estrogen and 
other substances that have an inhibitory effeet on other, less mature 
follieles. Estrogen levels are at their highest value at ovulation. 

74 Deseribe the role of FSH and LH in estrogen production. What effeet 
does estrogen have on the endometrium? 

75 How are the LH and FSH surges produced? List the effeets of these 
hormones. 

Seeretory Phase and the Next Cycle 

Shortly after ovulation, the folliele’s production of estrogen deereases 
(see figure 24.17). The remaining granulosa and theeal eells of the 
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Figlire 24.17 Menstmal eyele kLRJ 

This graph depiets the ehanges that occur in blood hormone levels, the development of the follieles, and the ehanges in the endometrium during the menstrual eyele. 


ovidated folliele are eonverted to eorpiis luteum eells and begin to 
seerete progesterone and some estrogen. After the corpus luteum 
forms, progesterone levels beeome much higher than before ovulation. 
The inereased progesterone and estrogen have a negative-feedbaek 
eífeet on GnRH release from the hypothalamus. As a result, GnRh, 
FSH, and LH deerease to low levels after ovulation. 

The inereased progesterone and estrogen stimulate the endo- 
metrium, which thiekens, beeomes more vascular, and produces 
seeretions. Estrogen causes the endometrial eells and, to a lesser 
degree, the myometrial eells to divide and inerease in number. 
Progesterone binds to progesterone reeeptors, which have inereased 


in number as a result of estrogen stimulation. Progesterone causes 
endometrial and myometrial eells to inerease in size and causes the 
endometrial eells to beeome seeretory. The seeretions are rieh in 
glyeogen and lipids and are a source of nourishment for the 
embryo. Estrogen inereases the tendeney of the smooth muscle eells 
of the uterus to eontraet in response to stimuli, but progesterone 
inhibits smooth muscle eontraetions. When progesterone levels 
inerease while estrogen levels are low, eontraetions of the uterine 
smooth muscle are reduced. 

If fertilization and implantation do not occur, the eells of the 
corpus luteum begin to atrophy after day 25 or 26, and the blood 
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Table 24.2 


Events During the Menstmal eyele 


Menses (Day 1 to Day 5 of the Menstmal Cycle) 

Pituitary gland The rate of FSH and LH seeretion is low. 

Ovary The rate of estrogen and progesterone seeretion is low after degeneration of the corpus luteum produced during the 

previous menstrual eyele. 

Uterus In response to deelining progesterone levels, the endometrial lining of the uterus sloughs off, resulting in menses followed 

by repair of the endometrium. 

Proliferative Phase (Day 5 Until Ovulation on Day 14) 

Pituitary gland The rate of FSH and LH seeretion is low during most of the proliferative phase; FSH and LH seeretion 

inereases near the end of the proliferative phase in response to inereasing estrogen seeretion from the ovaries. 

Ovary Developing follieles seerete inereasing amounts of estrogen, espeeially near the end of the proliferative phase; inereasing 

FSH and LH levels cause additional estrogen seeretion from the ovaries near the end of the proliferative phase. 

Uterus Estrogen causes endometrial eells of the uterus to divide.The endometrium of the uterus thiekens and spiral glands and spiral 

arteries form. Estrogen causes the eells of the uterus to be more sensitive to progesterone by inereasing the number of 
progesterone reeeptors in uterine tissues. 

Ovulation (Day 14) 

Pituitary gland The rate of FSH and LH seeretion inereases rapidly just before ovulation in response to inereasing estrogen levels. 

inereasing FSH and LH levels stimulate estrogen seeretion, resulting in a positive-feedbaek eyele. 

Ovary LH stimulates division of the primary ooeyte, causesfinal maturation of a mature folliele, and initiates the proeess of ovulation. 

FSH aets on immature follieles and causes several of them to begin to enlarge. 

Uterus The endometrial eells continue to divide in response to estrogen. 

Seeretory Phase (Day 14 to Day 28) 

Pituitary gland Estrogen and progesterone reaeh levels high enough to inhibit FSH and LH seeretion from the pituitary gland. 

Ovary After ovulation, the folliele is eonverted to the corpus luteum; the corpus luteum seeretes large amounts of progesterone 

and smaller amounts of estrogen from shortly after ovulation until about day 24 or 25. If fertilization does not occur, 
the corpus luteum degenerates after about day 25, and the rate of progesterone seeretion rapidly deelines to low levels. 

Uterus In response to progesterone, the endometrial eells enlarge, the endometrial layer thiekens, and the glands of the 

endometrium reaeh their greatest degree of development;the endometrial eells seerete a small amount of fluid. After 
progesterone levels deeline, the endometrium begins to degenerate. 


levels of progesterone and estrogen deerease rapidly (see figure 24.17). 
As a consequence, the uterine lining begins to degenerate as the 
spiral arteries eonstriet, but oeeasionally they dilate. Constriction 
of the spiral arteries deprives eells of their blood supply. The eells 
die and all but the most basal part of the endometrium breaks up 
and is sloughed into the uterine lumen. Dilation of the spiral arter- 
ies releases small amounts of blood. The sloughed endometrium, 
mucous seeretions, and a small amount of blood make up the men- 
strnal fluid. Deereases in progesterone levels and inereases in 
inflammatory substances that stimulate myometrial smooth muscle 
eells cause uterine eontraetions, which expel the menstmal fluid 
from the uterus. Thus, the next eyele begins. The deerease in pro- 
gesterone and estrogen also deereases the inhibition of the hypo- 
thalamus and anterior pituitary, so the eyele of hormone seeretion 
begins again. 

If fertilization and implantation occur, the developing pla- 
eenta begins to seerete the LH-like substance human ehorionie 
gonadotropin (hCG), which keeps the corpus luteum from degen- 
erating (see ehapter 25). As a result, blood levels of estrogen and 
progesterone do not deerease, and menses does not occur. 

76 Deseribe the effeets of inereased and deereased progesterone and 
estrogen on the endometrium during the seeretory phase. 

77 Where is hCG produced, and what effeet does it have on the ovary? 


CASE STUDY 


Oral eontraeeptives 


Mary and Sam are 20-year-olds attending eollege. They plan to marry 
in May and return to sehool to eomplete their senior year. Mary and 
Sam want very much to have ehildren, but not before they graduate 
and beeome established in their eareers. After discussing their 
options with their physieian, they deeide that oral eontraeeption will 
work best for them. Their physieian reeommends a eombined oral 
eontraeeptive pill eonsisting of synthetie progesterone and estrogen. 
There are 28 pills in a paekage, of which 21 pills eontain progesterone 
and estrogen and 7 pills are plaeebo, or sugar, pills. 


Prediet 


4 



Refer to figure 24.17 to answer these questions. 

a. How does taking progesterone and estrogen prevent pregnaney? 

b. Why are progesterone and estrogen taken for only 21 days? 

e. Sinee the sugar pill has no pharmaeologieal effeet, what is the reason 
for taking a pill every day? 

d. Before the wedding, Mary has to deeide when to start taking the 
pill. The two alternatives are the first day of her period or the first 
Sunday after her period starts. Why should she start at, or near, the 
beginning of her eyele? What differenee does it make if she is a first- 
day starter or a Sunday starter? 
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Menstmal eramps and Amenorrhea 

Menstmal eramps are the result of strong eontraetions of the myo- 
metrium occurring before and during menstmation. In some vvomen, 
menstmal eramps are extremely uncomfortable. Prostaglandins, pro- 
duced as part of an inflammatory response vvhen the endometrium 
breaks dovvn, ean stimulate smooth muscle eontraetions. Many 
vvomen ean alleviate painful menstruation by taking drugs, such as 
aspirinlike drugs, that inhibit prostaglandin synthesis just before the 
onset of menstruation. 

The absenee of a menstmal eyele is ealled amenorrhea 
(à-men-ò-ré'a without menses). If the pituitary gland does not func- 
tion properly because of abnormal development, the woman will not 
begin to menstruate at puberty. This eondition is ealled primary 
amenorrhea. In eontrast, if a woman has had normal menstmal eyeles 
and later stops menstmating, the eondition is ealled seeondary 
amenorrhea. Anorexia ean cause seeondary amenorrhea because 
laek of food causes the hypothalamus of the brain to deerease GnRH 
seeretion to levels so low that the menstmal eyele eannot occur. Many 
female athletes, such as ballet daneers and gymnasts, who have rigor- 
ous training schedules coupled with inadequate food intake have 
seeondary amenorrhea. Head trauma and tumors that affeet the 
hypothalamus ean also result in laek of GnRH seeretion. 

Seeondary amenorrhea ean be also be caused by disorders of 
the pituitary gland and ovaries. For example, pituitary tumors 
deerease FSH and LH seeretion; autoimmune diseases attaek the 
ovaries, causing deereased estrogen and progesterone seeretion; 
and polyeystie ovarian disease produces large amounts of andro- 
gens that suppress the menstmal eyele. 


Female Sexual Behavior and 
the Female Sexual Aet 

Sex drive in females, like sex drive in males, depends on hormones. 
The adrenal gland, liver, and other tissues eonvert steroids, such as 
progesterone, to androgens. Androgens and possibly estrogen affeet 
eells in the brain, espeeially in the hypothalamus, to influence sexual 
behavior. Androgens and estrogen alone do not eontrol sex drive, 
however. For example, sex drive eannot be predietably inereased 
simply by injeeting these hormones into healthy women or men. 
Psyehologieal faetors also affeet sexual behavior. For example, after 
removal of the ovaries or after menopause, many women report hav- 
ing an inereased sex drive because they no longer fear pregnaney. 

The sensory and motor neural pathways involved in eontrolling 
female sexual responses are similar to those in the male. During 
sexual excitement, ereetile tissue within the elitoris and around the 
vaginal orifiee beeomes engorged with blood as a result of parasym- 
pathetie stimulation. The mucous glands within the vestibule, espe- 
eially the vestibular glands, seerete small amounts of mucus. Large 
amounts of mucuslike fluid are also extruded into the vagina through 
its wall, although no well-developed mucous glands are within the 
vaginal wall. These seeretions provide lubrication, allowing easy entry 
of the penis into the vagina and easy movement of the penis during 
intercourse. Taetile stimulation of the female’s genitalia, along with 
psyehologieal stimuli, normally trigger an orgasm. The vaginal, uter- 


ine, and perineal muscles eontraet rhythmieally. After the sexual aet, 
a period of resolution eharaeterized by an overall sense of satisfaetion 
and relaxation occurs. Females are sometimes reeeptive to further 
immediate stimulation, however, and ean experience successive 
orgasms. Although orgasm is a pleasurable eomponent of sexual 
intercourse, it is not neeessary for females to experience an orgasm 
for fertilization to occur. 

78 What determines sex drive in females? 

79 Is an orgasm required for fertilization to occur? 


Fertilization 

After sperm eells are ejaculated into the vagina during sexual inter- 
course, they are transported through the cervix, the body of the 
uterus, and the uterine tubes to the ampulla (figure 24.18). The 
forees responsible for the movement of sperm eells through the 
female reproductive traet involve the swimming ability of the 
sperm eells and possibly the muscular eontraetions of the uterus 
and the uterine tubes. During sexual intercourse, oxytocin is 
released from the posterior pituitary of the female, and the semen 
introduced into the vagina eontains prostaglandins. Both of these 
hormones stimulate smooth muscle eontraetions in the uterus and 
uterine tubes. 

While passing through the female reproductive traet, the sperm 
eells undergo eapaeitation (kà-pas'i-tà'shun), the removal and modi- 
fieation of proteins of the sperm eell plasma membranes. Following 
eapaeitation, aerosomal enzymes of some sperm eells are released as 
the sperm eells move through the uterus and oviducts. The aerosomal 
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Figlire 24.18 Sperm eell Movement 

Sperm eells are deposited into the vagina as part of the semen when the male 
ejaculates. Sperm eells pass through the cervix, the body of the uterus, and the 
uterine tube. Fertilization normally occurs when the seeondary ooeyte is in the 
ampulla (upper one-third of the uterine tube). 
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Technique 

Optimal Effeetiveness (%) 

Abortion 

100 

Sterilization 

100 

Combination (estrogen and progesterone) pill 

99.9 

lntrauterine deviee 

98 

Minipill (low dose of estrogen and progesterone) 

99 

Condom plus spermieide 

99 

Condom alone 

97 

Diaphragm plus spermieide 

97 

Foam 

97 

Rhythm 

97 
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upper body.The vaginal eontraeeptive ring 

is inserted into the vagina and releases syn- 
thetie estrogen and progesterone. 

A drug ealled RU486, or mifepristone 
(mif'pris-tòn), bloeks the aetion of proges- 


terone, causing the endometrium of the 
uterus to slough off as it does at the time of 
menstmation. It ean, therefore, be used to 
induce menstruation and reduce the possi- 
bility of implantation when sexual inter- 


course has occurred near the time of 
ovulation. It ean also be used to terminate 
pregnaneies. 

Morning-after pills, similar in eompo- 
sition to birth eontrol pills, are available. 
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Figiire A eontraeeptive Deviees and Techniques 

(a) Condom. (b) Cervical eap and diaphragm used with spermieidal gel. (e) lntrauterine deviee (IUD). (d) Spermieidal foam. (e) Oral eontraeeptives. (f) Vaseetomy. 
(g)Tubal ligation. 
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Doiibling the number of birth eon- 
trol pills after sexual intercourse within 3 
days and again after 12 more hours is 
sometimes reeommended. These teeh- 
niques ean be used after intercourse, but 
they are only about 75% effeetive. The ele- 
vated blood levels of estrogen and proges- 
terone may inhibit the inerease in LH that 
causes ovulation, may alter the rate at 
which the embryo is transported through 
the uterine tube to the uterus, or may 
inhibit implantation. 

Siirgieal Methods 

Vaseetomy (va-sek'tó-mè) is a eommon 
method used to render males ineapable of 
fertilization without affeeting the perfor- 
manee of the sexual aet. Vaseetomy is a sur- 
gieal procedure used to cut and tie the 
ductus deferens from eaeh testis within the 
serotal sae. In the majority of eases the pro- 
cedure is permanent, but in some eases 
vaseetomy ean be surgically reversed. This 

t _ 


eontrol of Pregnaney 

procedure prevents sperm eells from pass- 
ing through the ductus deferens and beeom- 
ing part of the ejaculate.The sperm eells are 
reabsorbed in the epididymis. 

A eommon method of permanent birth 
eontrol in females is tubal ligation (IT- 
gà'shein), a procedure in which the uterine 
tubes are tied and cut or elamped through an 
ineision made through the wall of the 
abdomen.This procedure eloses off the path- 
way between the sperm eells and the ooeyte. 
Laparoseopy (lap-à-ros'kò-pè), in which an 
instmment is inserted into the abdomen 
through a small ineision, is eommonly used 
so that only small openings are required to 
perform the operation. 

In some eases, pregnaneies are termi- 
nated by surgical procedures ealled abor- 
tions. The most eommon method for 
performing abortions is the insertion of an 
instrument through the cervix into the 
uterus. The instrument serapes the endo- 
metrial surface while a strong suction is 



applied. The endometrium and the embed- 
ded embryo are disrupted and sucked out 
of the uterus. This technique is normally 
used only in pregnaneies that have pro- 
gressed less than 3 months. 

Prevention of Implantation 
lntrauterine deviees (IUDs) are inserted 
into the uterus through the cervix to 
prevent the normal implantation of the 
developing embryonie mass within the 
endometrium. Some early IUD designs 
produced serious side effeets, such as per- 
foration of the uterus; as a result, many 
IUDs were removed from the market. Data 
indieate, however, that IUDs are effeetive 
in preventing pregnaney. The effeetive 
IUDs include those eontaining eopper and 
progesterone. 



ANATOMY & PHYSIOLOGY 



enzymes allow penetration of the eervieal mucus, eorona radiata, zona 
pellucida, and ooeyte plasma membrane. 

The ooeyte ean be fertilized for up to 24 hours after ovulation, 
and some sperm eells remain viable in the female reproductive 
traet for up to 6 days, although most of them have degenerated 
after 24 hours. For fertilization to occur successfully, sexual inter- 
course must therefore occur between 5 days before and 1 day after 
ovulation. 

Fertilization usually takes plaee in the ampulla. By 7 or 8 days 
after ovulation, which is day 21 or 22 of the average menstmal eyele, 
the embryo has reaehed the uterus. The endometrium of the uterus 
has reaehed its maximum thiekness and seeretory aetivity in response 
to estrogen and progesterone. 


Eetopie Pregnaney 

An eetopie pregnaney results if the embryo implants anywhere 
other than in the uterine eavity.The most eommon site of eetopie preg- 
naney is the uterine tube. Implantation in the uterine tube eventually is 
fatal to the fetus and ean cause the tube to rupture. In some eases, 
implantation occurs in the mesenteries of the abdominal eavity, and the 
fetus ean develop normally but must be delivered by eesarean seetion. 


80 Deseribe the transport of sperm eells through the female 
reproductive system. 

81 What is eapaeitation of sperm eells? 

82 When is fertilization possible? Where does fertilization usually take 
plaee? 

Menopause 

When a woman is 40—50 years old, menstmal eyeles beeome less 
regular, and ovulation often does not occur. Eventually, menstrual 
eyeles stop eompletely. Menopause (men'ó-pawz) is the eessation of 
menstmal eyeles, and perimenopause is the time from the onset of 
irregular eyeles to their eomplete eessation. Perimenopause often lasts 
3 to 5 years. 

The major cause of menopause is age-related ehanges in the 
ovaries. The number of follieles remaining in the ovaries of meno- 
pausal women is small. In addition, the follieles that remain beeome 
less sensitive to stimulation by FSFi and LFT As the ovaries beeome 
less responsive to stimulation by FSH and LH, fewer marnre follieles 
and eorpora lutea are produced. Gradual ehanges occur in women in 
response to the reduced amount of estrogen and progesterone pro- 
duced by the ovaries (table 24.3). 

During perimenopause, some women experience “hot flashes,” 
irritability, fatigue, anxiety, temporary deerease in libido, and oeea- 
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Table 24.3 


Possible ehanges Caused by Deereased Ovarian Hormone Seeretion 
in Postmenopausal women 


Affeeted Structures and Functions 

Changes 

Menstmal eyele 

Five to 7 years before menopause, the eyele beeomes less regular; finally, the number of eyeles in which 
ovulation does occur deereases, and eorpora lutea do not develop. 

Llterine tubes 

Little ehange occurs. 

Uterus 

Irregular menstmation is gradually followed by no menstruation;the ehanee of eystie glandular hypertrophy 
of the endometrium inereases; the endometrium finally atrophies, and the uterus beeomes smaller. 

Vagina and external genitalia 

The dermis and epithelial lining beeome thinner; the vulva beeomes thinner and less elastie; the labia 
majora beeome smaller; pubic hair deereases; the vaginal epithelium produces less glyeogen; vaginal pH 
inereases; reduced seeretion leads to dryness; the vagina is more easily inflamed and infeeted. 

Skin 

The epidermis beeomes thinner; melanin synthesis inereases. 

Cardiovascular system 

Hypertension and atheroselerosis occur more frequently. 

Vasomotor instability 

Hot flashes and inereased sweating are eorrelated with the vasodilation of cutaneous blood vessels; hot 
flashes are not caused by abnormal FSH and LH seeretion but are related to deereased estrogen levels. 

Sex drive 

Temporary ehanges, such as either deereases or inereases in sex drive, are often assoeiated with the onset 
of menopause. 

Fertility 

Fertility begins to deeline approximately 10 years before the onset of menopause; by age 50, almost all 
ooeytes and follieles have been lost; the loss is gradual, and no inereased follicular degeneration is 
assoeiated with the onset of menopause. 


sionally severe emotional disturbances. Many of these symptoms ean 
be treated successfully with hormone replaeement therapy (HRT), 
which usually eonsists of small amounts of estrogen, or estrogen in 
eombination with progesterone. Although estrogen therapy has been 
successful, in many women it prolongs the symptoms assoeiated 
with menopause. A potential side effeet of HRT is a slightly 
inereased possibility of the development of breast eaneer, uterine 
eaneer, heart attaeks, strokes, and blood elots. HRT does slow the 
deerease in bone density that ean beeome severe in some women after 
menopause and deereases the risk of developing eoloreetal eaneer. 

83 Define menopause and perimenopause. 

84 What causes the ehanges that lead to menopause? 


Prediet 



After menopause, would a woman's levels of GnRH, FSH, and LH be higher or 
lower than before perimenopause? 


24.7 Effeets of Aging on 

the Reprodiietive System 

Benign prostatie enlargement is eommon in men over 50 years of 
age. A major consequence of prostatie enlargement is bloekage of 
the prostatie urethra. The frequency of prostate eaneer also 
inereases as men age and is a signifieant cause of death in men. 


There is a deerease in the rate of sperm eell production and an 
inerease in the number of abnormal sperm eells. However, sperm 
eell production does not stop, and it remains adequate for fertility 
for most men. 

Although sexual aetivity is often maintained in men and women 
as they age, there is usually a gradual deerease in the frequency of 
sexual intercourse. There is an inereased tendeney for ereetile dys- 
fimetion to occur as men age. 

The most signifieant age-related ehange in females is meno- 
pause. By age 50, few viable follieles remain in the ovaries. As a 
result, there is a deerease in the estrogen and progesterone produced 
by the ovaries. The uterus deereases in size, and the endometrium 
deereases in thiekness. The times between menstmations beeome 
irregular and longer. Finally, menstmation stops. The vaginal wall 
beeomes thinner and less elastie. There is less lubrication of the 
vagina and the epithelial lining is more fragile. There is an inereased 
tendeney for vaginal infeetions. 

Approximately 10% of all women will have breast eaneer. The 
ineidenee of breast eaneer is greatest between 45 and 65 years of age, 
and the ineidenee is greater for those who have a family history of 
breast eaneer. The frequency of eaneer of the uterus and eaneer of the 
uterine cervix inereases between 50 and 65 years of age. Ovarian 
eaneer also inereases in frequency in older women. Oeeasionally, a 
prolapsed uterus develops when the ligaments of the uterus allow it 
to deseend and protmde into the vagina. 

85 List the major age-related ehanges that occur in males and females. 












Effeets of the Reproductive 
System on Other Systems 


Integiimentary 

System 

Sex hormones inerease sebum production 
(contributing to aene), inerease 
apoerine gland seeretion (contributing 
to body odor), and stimulate axillary 
and pubic hair growth 

inereases melanin production during 
pregnaney 

Skeletal 

System 

Estrogen and testosterone stimulate bone 
growth and closure of the epiphyseal 
plate 

Muscular 

System 

Sex hormones inerease muscle growth 

Nervous 

System 

Sex hormones influence CNS 
development and sexual behaviors 

Endoerine 

System 

Testosterone, estrogen, and inhibin 
regulate the release of hormones from 
the hypothalamus and pituitary gland 

Cardiovascular 

System 

Estrogen may slow the development of 
atheroselerosis 

Lymphatie 

System and 
Imirmnity 

In the male, the blood-testes barrier 
isolates and proteets sperm eells from 
the immune system; in females, the 
immune system does not attaek sperm 
eells or the embryo/fetus 

Respiratory 

System 

Sexual arousal inereases respiration 

Digestive 

System 

Developing fetus crowds digestive organs 

llrinary System 

Developing fetus eompresses the urinary 
bladder 


Effeets of Other Systems on the 
Reproductive System 

Mammary glands produce milk 

Areolar glands help prevent ehafing 
during nursing 

Covers external genitalia 


Pelvis proteets internal reproductive 
organs and developing fetus 


Pelvie floor muscles support internal 
reproductive organs, such as the uterus 

Responsible for ejaorlation 

Cremaster muscles help regulate testes 
temperature 

Abdominal muscles assist in delivery 

Stimulates sexual responses, such as 
ereetion and ejaculation in males and 
ereetion of the elitoris in females 

Stimulates the onset of puberty and 
sexual eharaeteristies 

Stimulates gamete formation 

Promotes uterine eontraetions for delivery 

Makes possible and regulates milk 
production 

Delivers oxygen, nutrients, hormones, 
and immune eells 

Removes earbon dioxide, waste products, 
and toxins 

Vasodilation neeessary for ereetion 

Immune eells provide proteetion against 
mieroorganisms and toxins and 
promote tissue repair by releasing 
ehemieal mediators 

Removes excess interstitial fluid 

Provides oxygen and removes earbon 
dioxide 

Helps maintain the body’s pH 

Provides nutrients 


Removes waste products 

Helps maintain the bodys pH, ion, and 
water balanee 

Urethra eommon passageway for sperm 
eells and urine in males 










Reproductive System 


803 


Summary 


24.1 Fiinetions of the Reproductive 

System (p.770) 

1. The male reproductive system produces sperm eells, provides nutrients 
for the sperm eells and seeretions, transfers the sperm eells to the 
female, and makes male sex hormones. 

2. The female reproductive system produces ooeytes, reeeives sex eells 
from the male, provides nourishment for the developing individual 
before and after birth, and produces female sex hormones. 

24.2 MeÌOSÌS (p. 771) 

ehromosomes 

1. The diploid number of ehromosomes in humans is 46, eonsisting of 23 
pairs of homologous ehromosomes. 

2. A male has the sex ehromosomes XY and a female XX. 

3. The haploid number of ehromosomes in humans is 23. 

Meiotie Dívisions 

1. A reduction division deereases the number of ehromosomes from the 
diploid to the haploid number. 

2. Crossing over and random assortment are responsible for the genetie 
diversity of sperm eells and ooeytes. 

24.3 Anatomy of the Male Reproductive 

System (p. 773) 

The male reproductive system includes the testes, ducts, aeeessory glands, 

and supporting structures. Collectively, all of these structures are ealled the 

male genitalia. 

Scrotum 

1. The scrotum is a sae eontaining the testes. 

2. The dartos and eremaster muscles help regulate testicular temperature. 

Testes 

1. The tunica albuginea is the outer eonneetive tissue capsule of the testes. 

2. The testes are divided by septa into eompartments that eontain the 
seminiferous tubules and the interstitial eells. 

3. The seminiferous tubules join the tubuli reeti, which lead to the rete 
testis. The rete testis opens into the efferent ductules of the epididymis. 

4. During development, the testes pass from the abdominal eavity 
through the inguinal eanal to the scrotum. 

3. A tunic vaginalis eovers eaeh testis, proteeting against frietion. 

Spermatogenesis 

1. Sperm eells (spermatozoa) are produced in the seminiferous tubules. 

2. Spermatogonia divide (mitosis) to form primary spermatoeytes. 

3. Primary spermatoeytes divide (first division of meiosis) to form 
seeondary spermatoeytes, which divide (seeond division of meiosis) to 
form spermatids. 

4. Spermatids develop an aerosome and a flagellum to beeome sperm eells. 

3. Sustentacular eells nourish the sperm eells, form a blood-testes barrier, 

and produce hormones. 

DUCtS 

1. Efferent ductules extend from the testes into the head of the epididymis 
and join the duct of the epididymis. 

2. The epididymis is a eoiled tube system loeated on the testis that is the 
site of sperm eell maturation. It eonsists of a head, body, and tail. 


3. The ductus deferens passes from the epididymis into the abdominal eavity. 

4. The end of the ductus deferens, ealled the ampulla, and the seminal vesiele 
join to form the ejaculatory duct, which eonneets to the prostatie urethra. 

5. The prostatie urethra extends from the urinary bladder through the 
prostate gland to the membranous urethra. 

6. The membranous urethra extends through the pelvie floor and beeomes 
the spongy urethra, which continues through the penis. 

7. The spermatie eord eonsists of the ductus deferens, blood and 
lymphatie vessels, and nerves. 

8. Coverings of the spermatie eord eonsist of the external spermatie faseia, 
eremaster muscle, and internal spermatie faseia. 

9. The spermatie eord passes through the inguinal eanal into the 
abdominal eavity. 

Penis 

1. The penis eonsists of ereetile tissue. 

■ The two eorpora eavernosa form the dorsum and the sides of the penis. 

■ The corpus spongiosum forms the ventral part and the glans penis. 

2. The bulb of the penis and the crura form the root of the penis and the 
crura attaeh the penis to the coxal bones. 

3. The prepuce eovers the glans penis. 

Aeeessory Glands 

1. The seminal vesieles empty into the ejaculatory ducts. 

2. The prostate gland eonsists of glandular and muscular tissue and 
empties into the prostatie urethra. 

3. The bulbourethral glands are mucous glands that empty into the 
spongy urethra. 

4. Semen is a mixture of gland seeretions and sperm eells. 

■ The testioalar seeretions eontain sperm eells. 

■ The bulbourethral glands produce mucus, which neutralizes the 
aeidie pH of the urethra. 

■ The seminal vesiele fluid eontains fructose, elotting proteins, and 
prostaglandins. 

■ The prostate seeretions make the seminal fluid more pH-neutral. 
Proteolytie enzymes break down elotting proteins. 

24.4 Physiology of Male Reproduction (p. 7so) 

Normal flmetion of the male reproductive system depends on hormonal 
and neural meehanisms. 

Regulation of Sex Hormone Seeretion 

1. GnRH stimulates LH and FSH release from the anterior pituitary. 

■ LH stimulates the interstitial eells to produce testosterone. 

■ FSH stimulates sperm eell formation. 

2. Inhibin, produced by sustentacular eells, inhibits FSH seeretion. 

Puberty 

1. Before puberty, small amounts of testosterone inhibit GnRH release. 

2. During puberty, testosterone does not eompletely suppress GnRH 
release, resulting in inereased production of FSH, LH, and testosterone. 

Effeets of Testosterone 

1. Interstitial eells produce testosterone. 

2. Testosterone causes the development of male sex organs in the embryo 
and stimulates the deseent of the testes. 

3. Testosterone causes enlargement of the genitalia and is neeessary for 
sperm eell formation. 
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4. Other effeets of testosterone occur. 

■ Hair growth stimulation (pubic area, axilla, and beard) and 
inhibition (male pattern baldness) occur. 

■ inereased skin thiekness and melanin and sebum production occur. 

■ Enlargement of the larynx and deepening of the voiee occur. 

■ inereased protein synthesis (muscle), bone growth, blood eell 
synthesis, and blood volume occur. 

■ Metabolie rate inereases. 

Male Sexual Behavior and the Male Sexual Aet 

1. Testosterone is required for normal sex drive. 

2. The male sexual aet includes ereetion, emission, ejaculation, orgasm, 
and resolution. 

3. Stimulation of the sexual aet ean be psyehie or taetile. 

24.5 Anatomy of the Female Reproductive 

System (p. 785) 

The female reproductive system includes the ovaries, uterine tubes, uterus, 

vagina, external genitalia, and mammary glands. 

Ovaries 

1. The suspensory ligament, ovarian ligament, and broad ligament hold 
the ovary in plaee. 

2. The viseeral peritoneum eovers the surface of the ovaries. 

3. The ovary has an outer capsule (tunica albuginea) and is divided 
internally into a cortex (eontains follieles) and a medulla (reeeives blood 
and lymphatie vessels and nerves). 

4. Ooeyte development and fertilization 

■ Oogonia proliferate and beeome primary ooeytes that are in 
prophase I of meiosis. 

■ A primary ooeyte continues meiosis and produces a seeondary 
ooeyte, which is in metaphase II of meiosis, and a polar body, which 
degenerates or divides to form two polar bodies. 

■ Ovulation is the release of a seeondary ooeyte from an ovary. 

■ Fertilization is the joining of a sperm eell and a seeondary ooeyte to 
form a zygote. 

■ An embryo is the developing human between the time of 
fertilization and 8 weeks of development. A fetus is the developing 
human from 8 weeks to birth. 

3. Folliele development 

■ Primordial follieles are surrounded by a single layer of flat 
granulosa eells. 

■ Primary follieles are primary ooeytes surrounded by a zona 
pellucida and cuboidal granulosa eells. 

■ The primary follieles beeome seeondary follieles as granulosa eells 
inerease in number and fluid begins to accumulate in the vesieles. 
The granulosa eells inerease in number, and theea eells form around 
the seeondary follieles. 

■ Mature follieles have an antmrn. 

6. Ovulation occurs when the folliele swells and ruptures and the 
seeondary ooeyte is released from the ovary. The eorona radiata 
surround the ooeyte. 

7. Fate of the folliele 

■ The mature folliele beeomes the corpus luteum. 

■ If pregnaney occurs, the corpus luteum persists. If no pregnaney 
occurs, it beeomes the corpus albieans. 

LJterine Tubes 

1. The uterine tubes extend from the ovaries to the uterus. 

■ The ovarian end of the uterine tube is expanded as the infundibulum. 
The opening of the infundibulum is surrounded by fimbriae. 

■ The ampulla is the widest, longest part of the uterine tube. 


2. The uterine tube eonsists of an outer serosa, a middle muscular layer, 
and an inner mucosa with simple eiliated columnar epithelium. 

3. Muscular eontraetions and eilia move the ooeyte through the uterine tube. 

uterus 

1. The uterus eonsists of the fundus, body, and cervix. The uterine eavity 
and the eervieal eanal are the spaees formed by the uterus. 

2. The uterus is held in plaee by the broad, round, and uterosacral ligaments. 

3. The wall of the uterus eonsists of the perimetrium (viseeral 
peritoneum), the myometrium (smooth muscle), and the endometrium 
(mucous membrane). 

vagina 

1. The vagina is the female organ of copulation. It eonneets the uterus 
(cervix) to the vestibule. 

2. The vagina eonsists of a layer of smooth muscle and an inner lining of 
moist stratified squamous epithelium. 

3. The hymen eovers the vaginal orifiee. 

External Genitalia 

1. The external female genitalia eonsist of the vestibule and its 
surrounding structures. 

2. The vestibule is the spaee into which the vagina and the urethra open. 

3. Ereetile tissue is assoeiated with the vestibule. 

■ The two eorpora eavernosa form the elitoris. 

■ The eorpora spongiosa form the bulbs of the vestibule. 

4. The labia minora are folds that eover the vestibule and form the prepuce. 
3. The greater and lesser vestibular glands produce a mucous fluid. 

6. When elosed, the labia majora eover the labia minora. 

■ The mons pubis is an elevated deposit of adipose tissue superior to 
the labia majora. 

■ The pudendal eleft is a spaee between the labia majora. 

Perineum 

The elinieal perineum is the region between the vagina and the anus. 

Mammary Glands 

1. The mammary glands are modified sweat glands loeated in the breasts. 

2. The areola surrounds the nipple. 

■ The mammary glands eonsist of glandular lobes and adipose tissue. 

■ The lobes eonsist of lobules that have milk-producing alveoli. 

■ The lobes eonneet to the nipple through the lactiferous ducts. 

3. Suspensory ligaments support the breasts. 

24.6 Physiology of Female Reprodiietion (p. 793 ) 

Puberty 

1. Puberty begins with the first menstmal bleeding (menarehe). 

2. Puberty begins when GnRH, FSH, FH, estrogen, and progesterone 
levels inerease. 

3. inereased estrogen and progesterone promote the development of the 
female primary and seeondary sex eharaeteristies. 

Menstmal eyele 

1. The menstmal eyele eonsists of the periodie ehanges occurring in the 
ovaries and uterus of a sexually mature, nonpregnant female that result 
in the production of a seeondary ooeyte and prepare the uterus for 
implantation. 

2. The menstmal phase is the time between the beginning and the end of 
menstmation (days 1-5). 

■ Menstruation is the diseharge of blood and part of the 
endometrium from the uterus. 

■ Menstruation begins because of a deerease in progesterone and 
estrogen from the previous eyele. 
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3. The proliferation phase is the time between the end of menstmation 
and ovulation (days 6-14). 

■ FSH and LH stimulate follicular growth and estrogen production. 

■ Estrogen stimulates epithelial eells in the endometrium to multiply. The 
endometrium beeomes thieker and spiral glands and arteries develop. 

■ The LH surge stimulates eompletion of the first meiotie division by 
the primary ooeyte, ovulation, and formation of the corpus luteum. 

■ The FSH surge stimulates folliele development. Mature follieles 
inhibit the development of less mature follieles. 

4. The seeretory phase is the time between ovulation and the beginning of 
menstmation (days 14-28). 

■ Estrogen stimulates eell division in the endometrium. 

■ Progesterone stimulates the spiral glands to produce a seeretion rieh 
in glyeogen and lipids and inhibits uterine eontraetions. 

■ If fertilization does not occur, menses begins and the corpus luteum 
beeomes the corpus albieans. 

■ If fertilization occurs, hCG stimulates the corpus luteum to persist. 

Female Sexual Behavior and the Female Sexual Aet 

1. Female sex drive is partially influenced by androgens (produced by the 
adrenal gland) and steroids (produced by the ovaries). 

2. Events of the female sexual aet including the following: 

■ The ereetile tissue of the elitoris and the bulbs of the vestibule 
beeome filled with blood. 

■ The vestibular glands seerete mucus, and the vagina extrudes a 
mucuslike substance. 

■ Orgasm and resolution occur. 

Review and eomprehension 

24.1 Fimetions of the Reproductive 

System <p. 770) 

1. The reproductive system 

a. produces sperm eells (male sex eells) or ooeytes (female sex eells). 

b. of males and females produces hormones that eontrol the 
development and fimetioning of the reproductive system. 

e. of females nurtures the development of a new individual in the 
uterus before birth. 

d. of females provides nourishment in the form of milk after birth. 

e. all of the above. 

24.2 MeÌOSÌS (p. 771) 

2. Which of the following terms is eorreetly matehed with its definition? 

a. synapsis—alignment of homologous pairs of ehromosomes 

b. erossing over—exchange of genetie material between homologous 
ehromosomes 

e. random assortment—random distribution of paternal and maternal 
ehromosomes into sperm eells or ooeytes 

d. reduction division—a deerease from the diploid to the haploid 
number of ehromosomes 

e. all of the above 

24.3 Anatomy of the Male Reproductive 

System <p. 773) 

3. If an adult male walked into a swimming pool of eold water, which of 
these muscles would be expected to eontraet? 

a. eremaster muscle d. prepuce muscle 

b. dartos muscle e. both a and b 

e. gubernaculum 


Fertilization 

1. Intercourse must take plaee 3 days before to 1 day after ovulation if 
fertilization is to occur. 

2. Sperm eell transport to the ampulla depends on the ability of the 
sperm eells to swim and possibly on eontraetions of the uterus and the 
uterine tubes. 

3. Implantation of the developing embryo into the uterine wall occurs 
when the uterus is most reeeptive. 

Menopause 

1. Menopause is the eessation of menstmal eyeles. 

2. Perimenopause is the time between the beginning of irregular 
menstmal eyeles and menopause. 

24.7 Effeets of Aging on the Reproductive 

System (p. sod 

1. The prostate gland enlarges, and there is an age-related inerease in 
prostatie eaneer. 

2. There is deereased sperm eell production and inereased production of 
abnormal sperm eells. 

3. Ereetile dysfimetion inereases. 

4. The most signifieant age-related ehange in females is menopause. 

3. The uterus deereases in size and the vaginal wall thins. 

6. There is an age-related inerease in breast, uterine, and ovarian eaneer. 


4. Testosterone is produced in the 

a. interstitial eells. e. anterior lobe of the pimitary. 

b. seminiferous tubules of the testes. d. sperm eells. 

5. Early in development (4 months after fertilization), the testes 

a. are loeated in the abdominal eavity. 

b. move through the inguinal eanal. 

e. produce a membrane that beeomes the scrotum. 

d. produce sperm eells. 

e. all of the above. 


6. The site of spermatogenesis in the male is the 

a. ductus deferens. e. epididymis. e. efferent ductule. 

b. seminiferous tubules. d. rete testis. 


7. The loeation of final maturation and storage of sperm eells before their 
ejaculation is the 

a. seminal vesieles. e. glans penis. e. sperm bank. 

b. seminiferous tubules. d. epididymis. 


8. Given these structures: 

1. ductus deferens 

2. efferent ductule 


3. epididymis 5. rete testis 

4. ejaculatory duct 


Choose the arrangement that lists the structures in the order a sperm 
eell passes through them from the seminiferous tubules to the urethra. 

a. 2,3,5,4,1 b. 2,5,3,4,1 e. 3,2,4,1,5 d. 3,4,2,1,5 e. 5,2,3,1,4 


9. Concerning the penis, 

a. the membranous urethra passes through the eorpora eavernosa. 

b. the glans penis is formed by the corpus spongiosum. 
e. the penis eontains four columns of ereetile tissue. 

d. the crus of the penis is part of the corpus spongiosum. 

e. the bulb of the penis is eovered by the prepuce. 
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10. Removed during circumcision? 

a. glans e. frenulum 

b. corpus spongiosum d. prepuce 

11. Given these glands: 

1. prostate gland 2. bulbourethral gland 3. seminal vesiele 

Choose the arrangement that is in the order that a sperm eell would 
encounter their seeretions. 

a. 1,2,3 b. 2,1,3 e. 2,3,1 d. 3,1,2 e. 3,2,1 

12. Which of these glands is eorreetly matehed with the function of its 
seeretions? 

a. bulbourethral gland—neutralizes aeidie eontents of the urethra 

b. seminal vesieles—eontain large amounts of fmetose, which 
nourishes the sperm eells 

e. prostate gland—eontains proteins that cause elotting of the semen 

d. all of the above 

24.4 Physiology of Male Reproduction <p. 780 ) 

13. LH in the male stimulates 

a. the development of the seminiferous tubules. 

b. spermatogenesis. 

e. testosterone production. 

d. both a and b. 

e. all of the above. 

14. Which of these faetors causes a deerease in GnRH release? 

a. deereased inhibin e. deereased FSH 

b. inereased testosterone d. deereased LH 

13. In the male, before puberty 

a. FSH levels are higher than after puberty. 

b. LH levels are higher than after puberty. 

e. GnRH release is inhibited by testosterone. 

d. all of the above. 

16. Testosterone 

a. stimulates the development of terminal hairs. 

b. deereases red blood eell count. 

e. prevents closure of the epiphyseal plate. 

d. deereases blood volume. 

e. all of the above. 

17. Which of these is eonsistent with ereetion of the penis? 

a. parasympathetie stimulation d. eompression of veins 

b. dilation of arterioles e. all of the above 

e. engorgement of sinusoids with blood 

24.5 Anatomy of the Female Reproductive 

System <p. 785 ) 

18. The first polar body 

a. is normally formed before fertilization. 

b. is normally formed after fertilization. 

e. normally reeeives most of the eytoplasm. 

d. is larger than an ooeyte. 

e. both a and b. 

19. After ovulation, the mature folliele eollapses, taking on a yellowish 
appearanee to beeome the 

a. degenerating folliele. e. corpus albieans. e. eorona radiata. 

b. corpus luteum. d. tunica albuginea. 

20. The ampulla of the uterine tube 

a. is the opening of the uterine tube into the uterus. 

b. has long, thin projeetions ealled fimbriae. 
e. is lined with eiliated columnar epithelium. 
d. all of the above. 


21. Concerning the vagina, 

a. its wall eonsists of skeletal muscle. 

b. the vaginal orifiee is eovered by the hymen. 
e. it is lined with simple squamous epithelium. 

d. all of the above. 

22. Given these vestibular-perineal structures: 

1. vaginal orifiee 2. elitoris 3. urethral orifiee 4. anus 

Choose the arrangement that lists the structures in their proper order 
from the anterior to the posterior aspeet. 

a. 2,3,1,4 b. 2,4,3,1 e. 3,1,2,4 d. 3,1,4,2 e. 4,2,3,1 

23. Concerning the breasts, 

a. lactiferous ducts open on the areola. 

b. eaeh lactiferous duct supplies an alveolus. 

e. they are attaehed to the peetoralis major muscles by suspensory 
ligaments. 

d. even before puberty, the female breast is quite different from the 
male breast. 

24.6 Physiology of Female Reproduction (p.793) 

24. The major seeretory product of the mature folliele is 

a. estrogen. b. progesterone. e. LH. d. FSH. e. relaxin. 

23. In the average adult female, ovulation occurs at day_ 

of the menstmal eyele. 

a. 1 b. 7 e. 14 d. 21 e. 28 

26. The layer of the uterus that undergoes the greatest ehange during the 
menstmal eyele is the 

a. perimetrium. e. endometrium. e. broad ligament. 

b. hymen. d. myometrium. 

27. Which of these proeesses or phases in the menstrual eyele of the human 
female occur at the same time? 

a. maximal LH seeretion and menstmation 

b. early follicular development and the seeretory phase of the uterus 

e. degeneration of the corpus luteum and an inerease in ovarian 
progesterone seeretion 

d. ovulation and menstruation 

e. inereased estrogen production and the proliferation phase 

28. During the proliferative phase of the menstmal eyele, one would 
normally expect 

a. the highest levels of estrogen that occur during the menstrual eyele. 

b. the mature folliele to be present in the ovary. 

e. an inerease in the thiekness of the endometrium. 

d. both a and b. 

e. all of the above. 

29. During the seeretory phase of the menstmal eyele, 

a. the highest levels of progesterone occur. 

b. there is a folliele present in the ovary that is ready to undergo 
ovulation. 

e. the endometrium reaehes its greatest degree of development. 

d. both a and b. 

e. both a and e. 

30. The cause of menses in the menstmal eyele appears to be 

a. inereased progesterone seeretion from the ovary, which produces 
blood elotting. 

b. inereased estrogen seeretion from the ovary, which stimulates the 
muscles of the uterus to eontraet. 

e. deereased progesterone seeretion by the ovary. 

d. deereased production of oxytocin, causing the muscles of the uterus 
to relax. 
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31. During sexual excitement, which of these structures fills with blood and 
causes the vaginal orifiee to narrow? 

a. bulb of the vestibule e. mons pubis e. prepuce 

b. elitoris d. labia majora 

32. A woman with a 28-day menstrual eyele is most likely to beeome 
pregnant as a result of coitus on days 

a. 1-3. b. 3-8. e. 9-14. d. 13-20. e. 21-24. 

33. Fertilization most eommonly occurs here. 

a. pelvie eavity e. ampulla of uterine tube e. ovary 

b. uterus d. vagina 

34. Menopause 

a. develops when follieles beeome less responsive to FSH and LH. 

b. results from elevated estrogen levels in 40- to 50-year-old women. 
e. occurs because too many follieles develop during eaeh eyele. 

d. results when follieles develop but eontain no ooeytes. 

e. occurs because FSH and LH levels deeline. 


24.7 Effeets of Aging on the Reprodiietive 

System (p. sod 

35. With age, 

a. benign prostatie enlargement is eommon in males. 

b. there is an inereased tendeney for ereetile dysfimetion to occur. 

e. there is less lubrication of the vagina and the vaginal lining is more 

d. the frequency of breast, uterine, and ovarian eaneer inereases. 

e. all of the above. 

Answers in Appendix E 



eritieal Thinking 


1. If a 20-year-old male were eastrated, what would happen to the levels 
of GnRH, FSH, LH, and testosterone in his blood? What effeet would 
these hormonal ehanges have on his sex eharaeteristies and behavior? 

2. If a 9-year-old boy were eastrated, what would happen to the levels of 
GnRH, FSH, LH, and testosterone in his blood? What effeet would 
these hormonal ehanges have on his sex eharaeteristies and behavior? 

3. Suppose you want to produce a birth eontrol pill for men. On the basis 
of what you know about the male hormonal system, what do you want 
the pill to do? Discuss any possible side effeets of the pill. 

4. If the ovaries are removed from a 20-year-old woman, what happens to 
the levels of GnRH, FSH, LH, estrogen, and progesterone in her 
blood? What side effeets do these hormonal ehanges have on her sex 
eharaeteristies and behavior? 

5. If the ovaries are removed from a postmenopausal woman, what 
happens to the levels of GnRH, FSH, LH, estrogen, and progesterone 
in her blood? What symptoms do you expect to observe? 

6. A study divides healthy women into two groups (A and B). Both 
groups are eomposed of women who have been sexually aetive for 
at least 2 years and are not pregnant at the beginning of the 
experiment. The subjects weigh about the same amount, and none 
smokes eigarettes, although some drink aleohol oeeasionally. Group A 


women reeeive a plaeebo in the form of a sugar pill eaeh morning 
during their menstrual eyeles. Group B women reeeive a pill eontaining 
estrogen and progesterone eaeh morning of their menstrual eyeles. 

Then plasma LH levels are measured before, during, and after 


ovulation. The 

results are as follows: 



4 Days Before 

The Day of 

4 Days After 

Group 

Ovulation 

Ovulation 

Ovulation 

A 

18 mg/100 mL 

300 mg/100 mL 

17 mg/100 mL 

B 

21 mg/100 mL 

157 mg/100 mL 

15 mg/100 mL 


The number of pregnaneies in group A is 37/100 women/year. The 
number of pregnaneies in group B is 1.5/100 women/year. What 
conclusion ean you reaeh on the basis of these data? Explain the 
meehanism involved. 

7. A woman who is taking birth eontrol pills that eonsist of only 
progesterone experiences the hot flash symptoms of menopause. 

Explain why. 

8. Prediet the effeet on the endometrium of maintaining high 
progesterone levels in the circulatory system, including the time during 
which estrogen normally inereases following menstmation. 

Answers in Appendix F 
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25.1 Prenatal Development 809 




1. List the three prenatal periods, and state the major events 
assoeiated with eaeh. 

2. Deseribe the events of fertilization. 

3. Defìne the terms totipotent and pluripotent r and explain how 
twins develop. 

4. State the derivatives of the inner eell mass and the trophoblast. 

5. Deseribe the proeess of implantation and plaeenta formation. 

6. Name the three germ layers, deseribe their formation, and list their 
adult derivatives. 

7. Deseribe the formation of the neural tube and the somites. 

8. Deseribe the formation of the gastrointestinal traet and the 
body eavities. 

9. Deseribe the formation of the limbs, faee, and palate. 

10. Briefly deseribe the formation of the major organ systems. 

11. Deseribe the growth of the fetus. 

Labor 829 

12. Deseribe the phases of labor, and explain the hormonal and 
nervous system faetors responsible for labor. 

The Newborn 831 

13. Discuss the respiratory, circulatory, and digestive ehanges that occur 
at the time of birth. 

Laetation 834 

14. Explain the hormonal and nervous system faetors responsible 
for laetation. 

Geneties 834 

15. Defìne the terms genetie and gene, and explain how genes are 
related to ehromosomes. 

16. Deseribe the different ways in which genes are expressed. 

17. Give examples of genetie disorders, and deseribe 
genetie counseling. 


Photograph of three generations illustrates some of the develop- 
mental ehanges occurring throughout life. Geneties determines 
many of our eharaeteristies, as seen in the similar appearanee of 
these family members. 


Xomy& 
Lysiology 
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lntroduction 

T he life span is usually eonsidered the period between birth 

and death; however, the 9 months before birth are a eriti- 
eal part of a persons existence. What happens in these 
9 months profoundly affeets the rest of a persons life. Although 
most people develop normally and are born without defeets, 
approximately 3 out of every 100 people are born with a birth 
defeet so severe that it requires medieal attention during the first 
year of life. Later in life, many more people diseover previously 
unknown problems, such as the tendeney to develop asthma, 
eertain brain disorders, or eaneer. 

Geneties is the study of heredity—that is, those eharaeteristies 
inherited by ehildren from their parents. Although the 
environment ean influence gene expression, people’s physieal 
eharaeteristies and abilities are largely determined by their genetie 
makeup. Many of a persons abilities, susceptibility to disease, and 
even life span are influenced by the genes they inherit from their 
parents. An understanding of geneties is an important tool for 
medieal professionals. Patients are asked questions about their 
family medieal history to help diagnose many diseases. The fam- 
ily medieal history also allows doetors to determine the probabil- 
ity that patients will develop eertain diseases, such as heart disease 
or eaneer, and to suggest preventive measures. Reeent advanees in 
the field of geneties have shown how genes influence health and 
have provided new methods for treating eertain diseases. 


25.1 Prenatal Development 

The prenatal (pré-nà'tàl, before birth) period is the period from 
eoneeption until birth, and it is divided into three parts: (1) the first 
2 weeks of development, during which the primitive germ layers are 
formed; (2) the third to the end of the eighth week of development, 
during which the major organ systems eome into existence; and (3) the 
last 30 weeks of the prenatal period, during which the organ systems 
grow and beeome more mature. 

The developing human from the time of fertilization to the end 
of the eighth week of development is ealled an embryo (em'bré-ò, to 
swell). From 8 weeks to birth, the developing human is ealled a fetus 
(fé'tus, offspring). 

Malformations 

During the fìrst 2 weeks of development, the embryo is quite 
resistant to outside influences that may cause malformations. 
Faetors that adversely affeet the embryo at this age are more likely 
to kill it. Between 2 weeks and the next 4-7 weeks (depending on 
the structure eonsidered), the embryo is more sensitive to outside 
influences that cause malformations than at any other time. 


The medieal community in general uses the mother’s last men- 
strual period (LMP) to calculate the elinieal age of the unborn 
ehild. Most embryologists, on the other hand, use developmental 


age, which begins with fertilization, to deseribe the timing of devel- 
opmental events. It is assumed that developmental age is 14 days less 
than elinieal age because fertilization occurs approximately 14 days 
after LMP. The times presented in this ehapter are based on devel- 
opmental age. 

1 Deseribe the three parts of the prenatal period. Give the length of 
timefor eaeh part. 

2 Define elinieologe and developmentologe. 

Fertilization 

Fertilization (fer'til-i-zà'shun,y?r 0 , to bear + proeess) (figure 23.1) 
is the union of a sperm eell and a seeondary ooeyte to produce a 
single eell ealled the zygote (zl'gót, having a yoke) (see figure 24.13). 
The eorona radiata, which eonsists of granulosa eells expelled from 
the folliele with the seeondary ooeyte (see figure 24.14), is a barrier 
to the sperm eells reaehing the ooeyte. The sperm eells are propelled 
through the loose matrix between the follicular eells of the eorona 
radiata by the aetion of their flagella. The zona pellucida is an extra- 
cellular membrane, eomprised mostly of glyeoproteins, between the 
eorona radiata and the ooeyte. The aerosome is a eap on the head of 
the sperm eell eontaining enzymes (see figure 24.4^0. When the 
aerosome eomes into eontaet with the zona pellucida, it triggers the 
release and aetivation of digestive enzymes that break down the zona 
pellucida. The first sperm eell through the zona pellucida attaehes to 
the ooeyte plasma membrane and enters the ooeyte. In response, the 
ooeyte plasma membrane depolarizes and the ooeyte releases ehemi- 
eals that denature the glyeoproteins in the zona pellucida and cause 
it to expand, ereating a spaee. These ehanges prevent more than one 
sperm eell from entering the seeondary ooeyte. 

The entranee of a sperm eell into the seeondary ooeyte stimu- 
lates the seeond meiotie division, and the seeond polar body is 
formed (see figure 24.13). The haploid nucleus formed by the seeond 
meiotie division is ealled the female pronucleus. Meanwhile, the 
haploid nucleus of the sperm eell (see figure 24.6) separates from the 
sperm head and beeomes the male pronucleus, which swells as its 
ehromosomes a unpack.” The male pronucleus and female pronucleus 
meet in the eenter of the eell and fuse, which eompletes the proeess 
of fertilization and restores the diploid number of ehromosomes. 

3 Deseribe the proeess by which only one sperm eell enters an ooeyte. 

4 How does fertilization result in a zygote with a diploid number of 
ehromosomes? 



doning 

Fusion of the male and female pronuclei forms a new diploid 
nucleus in the zygote. Alternatively, the nucleus ean be removed 
from an ooeyte and the diploid nucleus from another eell ean be 
introduced to form a zygote. This proeess of introducing a nucleus 
from a eell into an ooeyte, whose own nucleus has been removed, is 
ealled doning.The first eloned mammal was a sheep named Dolly 
in Seotland in 1996. 
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1. Many sperm eells attaeh 
to the eorona radiata of a 
seeondary ooeyte. 


Sperm 




Sperm eell 
eontaeting 


zona pelliieida 




One sperm eell attaehes to the 
zona pellucida, and aerosomal 
enzymes digest through the 
zona pellucida. 


3. The head of one sperm eell 
penetrates the zona pellucida 
and ooeyte plasma membrane 
to enter the ooeyte eytoplasm. 
Ohanges in the zona pellucida 
(moving away from the ooeyte) 
form a spaee and prevent 
additional sperm eells from 
entering the ooeyte. 


Head of 
sperm eell 



Zona 

pellucida 


Spaee 


Proeess Figure 25.1 Fertiiization ap:r. 


Early Cell Division 

About 18—36 hours after fertilization, the zygote divides to form 
two eells (figure 23.2). Those two eells divide to form four eells, 
which divide to form eight, and so on. Even though the number 
of eells inereases, the size of eaeh eell deereases so that the total 
mass of eells remains about the same size as the zygote. These eells 
have the ability to develop into a wide range of tissues. As a result, 
the total number of eells ean be deereased, inereased, or reorga- 
nized during this period without affeeting normal development. 

In the very early stages of development (days 1—4), the eells are 
said to be totipotent (tò-tlp'ò-tent, whole-powered), meaning eaeh 
eell has the potential to give rise to any tissue type neeessary for 
development. At this point, if a eell separates from the embryo, the 
totipotent eell ean give rise to another individual, as in identieal 
twins. However, the eells of the developing embryo soon undergo 
difFerentiation, or speeialization. Onee differentiation occurs, the 
dividing eells of the embryo are referred to as pluripotent (ploo- 
rip'ò-tent, multiple-powered), which means that any eell has the 
ability to develop into a wide range of tissues, but not all the tissues 
neeessary for development, as is the ease with totipotent eells. 


Seeond 
polar body 


4. In response to the entry 
of the eontents of the 
sperm head into the 
ooeyte, the ooeyte 
nucleus moves to one 
side, where it eompletes 
the seeond meiotie 
division and gives off a 
seeond polar body. VVhen 
the seeond meiosis is 
eomplete, the ooeyte 
nucleus, now ealled the 
female pronucleus, 
moves baek toward the 
eenter of the ooeyte. 


5. The eontents of the 
sperm head enlarge 
and beeome the male 
pronucleus. 


Oontents 
of the sperm 
head 



Female 

pronucleus 


Male 

pronucleus 



Female 

pronucleus 


6. The two pronuclei fuse to 
form a single nucleus. 
Fertilization is eomplete 
and a zygote results. 


Single 

nucleus 


Twins 

f 

ln rare eases, following early eell divisions, the eells separate and 
develop to form two individuals, ealled identieal twins, or monozy- 
gotie twins. identieal twins have identieal genetie information in 
their eells. Other meehanisms that occur a little later in development 
ean also cause identieal twins. Oeeasionally, a woman ovulates two 
or more seeondary ooeytes at the same time. Fertilization of two 
ooeytes by different sperm eells results in fraternal twins, or dizy- 
gotie twins. Multiple ovulations ean occur naturally or be stimulated 
by the injeetion of drugs. These drugs are sometimes used to treat 
eertain forms of infertility and ean result in multiple births in women 
undergoing the treatment. 



Onee the dividing embryo is a solid ball of 12 or more eells, it 
is ealled a morula (mòr'oo-là, mòr'u-là, mulberry) (see figure 25.2). 
Four or 5 days after ovulation, the mornla eonsists of about 32 eells. 
Near this time, a fluid-filled eavity ealled the blastoeyst eavity 
begins to appear approximately in the eenter of the cellular mass. The 
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Morula 
(day 5) 


Trophoblast (forms the 
plaeenta and extraembryonic 
membranes) 


Fertilization 



Blastoeyst eavity 


Oells that 
beeome the 
embryonie disk 


Blastoeyst 
(day 6) 


Inner 
eell mass 


(see figiire 25.3) 


Figure 25.2 Biastoeyst 

After fertilization, eell divisions produce a multicellular morula, vvhieh beeomes a hollovv blastoeyst.The blastoeyst eonsists of the trophoblast and inner eell mass. 


hollow sphere that restilts is ealled a blastoeyst (see figure 25.2). A 
single layer of eells, the trophoblast (trof'ò-blast, trò'fò-blast, feed- 
ing layer), surrounds most of the blastoeyst eavity, but at one end of 
the blastoeyst the eells are several layers thiek. The thiekened area is 
the inner eell mass. Some of the eells of the inner eell mass give rise 
to the embryonie disk, from which all of the tissues of the individual 
are derived. The trophoblast and some of the inner eell mass eells give 
rise to extraembryonic tissue, which is tissue outside of the embryo. 
The extraembryonic tissue beeomes structures, such as the plaeenta, 
that nourish and support the embryo. 

5 Define totipotent, pluripotent, morula, blastoeyst, trophoblast, inner eell 
mass, embryonie disk, and extraembryonic tissue. 

Implantation of the Blastoeyst and 

Development of the Plaeenta 

All the early events in development, from the first eell division to 
formation of the blastoeyst, occur as the embryo moves from the site 
of fertilization in the ampulla of the uterine tube to the uterus. About 
7 days after fertilization, the blastoeyst attaehes to the uterine wall 
and begins the proeess of implantation, which is the burrowing of 
the blastoeyst into the uterine wall. 

As the blastoeyst invades the uterine wall, the trophoblast gives rise 
to two layers of eells (figure 25.3). The outer layer is the syneytiotro- 
phoblast (sin-sish'è-ò-trò'fò-blast) and the inner layer is the eytotro- 


phoblast (sl-tò-trof'ò-blast). The syneytiotrophoblast is a syncytium, 
which is a eolleetion of eells that fuse together to form a larger, multi- 
nucleated structure. The syneytiotrophoblast invades the endometrium, 
breaking down glands and blood vessels. The nutrients in the glandular 
seeretions provide nourishment for the developing embryo. As the 
blood vessel walls break down, eavities ealled lacunae filled with mater- 
nal blood form. As maternal blood flows through the lacunae, nutrients 
and gases are exchanged with the embryo. 

The plaeenta is the organ of nutrient and waste product exchange 
between the mother and the embryo. The maternal part of the plaeenta 
is formed from the endometrium and eontains the lacunae filled with 
maternal blood. The ehorion (kò'rè-on), which is the embryonie por- 
tion of the plaeenta, is formed from the syneytiotrophoblast, eytotro- 
phoblast, and extraembryonic mesenehyme (see figure 25.3). Branehes 
of the ehorion, ealled ehorionie (kò-rè-on' ik) villi, protmde into the 
endometrium and are surrounded by the lacunae, which eventually 
merge together to form the intervillous spaee. As the ehorionie villi 
form, the syneytiotrophoblast grows into the endometrium like so 
many roots. As a finger slides into a glove, the eytotrophoblast grows 
into the syneytiotrophoblast. Extraembryonic mesenehyme grows into 
the eytotrophoblast, and embryonie blood vessels form in the 
mesenehyme. In the mature plaeenta, the eytotrophoblast disappears 
so that the embryonie blood supply is separated from the maternal 
blood supply by a thin layer of syneytiotrophoblast, a basement mem- 
brane, extraembryonic mesenehyme, and the embryonie eapillary wall 
(figure 25.4). Gases, nutrients, and waste products are exchanged 
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Relevanee 


Embryo Transfer and Stem eells 


Embryo Transfer 

In a small number of vvomen, nor- 
mal pregnaney is not possible because of an 
anatomieal or physiologieal eondition. In 
87% of these eases, the uterine tubes are 
ineapable of transporting the zygote to the 
uterus or of allovving sperm eells to reaeh 
the ooeyte. In vitro fertilization and embryo 
transfer have made pregnaney possible in 
hundreds of such vvomen sinee 1978. /n 
vitro fertilization involves removing see- 
ondary ooeytes from a vvoman, plaeing the 
ooeytes into a petri dish, and adding sperm 
eells to the dish, allovving fertilization and 
early development to occur in vitro , vvhieh 
means in glass. Embryo transfer involves 
the removal of the developing embryo from 
petri dish and introduction of the 
embryo intothe uterusofa reeipientfemale. 

For in vitro fertilization and embryo trans- 
fer to be aeeomplished, a vvoman is fìrst 
injeeted vvith a drug similar in structure to fol- 
liele stimulating hormone (FSH). While folli- 
eles are developing, a drug that bloeks 
gonadotropin-releasing hormone (GnRH) is 
administered to bloek the luteinizing hor- 
mone (LH) surge that would cause ovulation. 


After the follieles have had time to develop, 
an LH-like substance is given to promote 
ovulation. Just before the follieles rupture, 
the seeondary ooeytes are surgically removed 
from the ovary. The ooeytes are then incu- 
bated in a dish and maintained at body tem- 
perature for 6 hours. Then sperm eells are 
added to the dish. 

After 24-48 hours, several 
embryos are transferred to the uterus. Sev- 
eral embryos are transferred because only a 
few of them survive. Implantation and sub- 
sequent development then proeeed in the 
uterus as they would for natural implanta- 
tion. The woman is usually required to lie 
perfeetly still for several hours after the 
embryos have been introduced into the 
uterus to prevent possible expulsion before 
implantation ean occur. It is not fully under- 
stood why such expulsion does not occur in 
natural fertilization and implantation. 

The success rate of embryo transfer is 
dependent on many faetors, including the 
reason for infertility, the age of the mother, 
and the expertise of the physieian. The suc- 
eess rate at the best U.S. elinies is as high as 
72%. Many multiple births have occurred fol- 


lowing embryo transfer because of the prae- 
tiee of introducing more than one embryo 
into the uterus in an attempt to inerease the 
success rate as much as possible. 


Stem Cells 

During growth and development, many 
eells differentiate for a particular function 
and many lose the ability to divide. Stem 
eells, however, are eells that do not beeome 
fully speeialized and retain the ability to 
undergo mitosis and differentiation. Stem 
eells have the potential to treat many dis- 
eases by replaeing dysfunctional eells with 
normal eells. For example, blood stem eells, 
found in the red bone marrow, are harvested 
from a donor and introduced into a leuke- 
mia patient. The stem eells provide a new 
source of normal blood eells for that indi- 
vidual. The question for many other dis- 
eases, however, is whether a source of stem 
eells ean be isolated and used to treat them. 

Adult stem eells are stem eells obtained 
from adult tissues. Adult stem eells are usu- 
ally limited asto thetype ofeell they ean pro- 
duce. For example, adult liver stem eells ean 


Developing 

plaeenta 


Chorion 



Endometrium- 

Lacuna with- 

maternal blood 

Syneytiotrophoblast 

Oytotrophoblast — 

Extraembryonic — 
mesenehyme 


Connecting stalk 
(developing 
umbilical eord) 



Amniotie 

sae 

Amniotie 

eavity 

Epiblast ”1 Embryonie 

Hypoblast_T disk 


Yolk sae 


Blastoeyst eavity 


Uterine 

epithelium 


Proeess Figure 25.3 Formation of the Plaeenta 

Implantation of the blastoeyst and invasion of the trophoblast to form the plaeenta.The epiblast and hypoblast separate the amniotie eavity and yolk sae. 
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but they eannot give rise to other tissue eell 
types, such as blood eells.The most versatile 
stem eell is the totipotent zygote because it 
ean give rise to all eell types. Hovvever, the 
zygote also gives rise to plaeental tissue. The 
pluripotent eells of the inner eell mass that 
give rise to the embryonie disk are ealled 
embryonie stem eells. These eells are also 
very versatile because they ean give rise to all 
tissues of a new individual, but they eannot 
give rise to the extraembryonic tissues neees- 
sary for implantation and development of 
the plaeenta. 

Human embryonie stem eells were first 
isolated in 1998; sinee then, many people 
have suggested the great potential of these 
eells for treating many diseases. One prob- 
lem, however, lies in the ability to stimulate 
embryonie stem eells artifieially to differen- 
tiate into the right type of eell. Seientists are 
still determining the bioehemieal proeesses 
of how embryonie stem eells eomrrmnieate 
to allow for the proper development of all 
tissues in multicellular organisms. 

Adult stem eells have had limited suc- 
eess in treating eertain diseases. Stem eells 
obtained from adult blood may be used to 


address the eomplieations assoeiated with 
eoronary heart disease, particularly the 
growth of new vessels around areas of 
bloekage. It appears that adult stem eells are 
not effeetive in treating other diseases, such 
as type I diabetes mellitus and Parkinson 
disease. For these eases, researeh suggests 
that embryonie stem eells have a greater 
potential to provide a longer-lasting cure. 

Important ethieal issues are involved in 
the use of embryonie stem eells. To har- 
vest embryonie eells, an embryo must be 
destroyed. Opponents of embryonie stem 
eell use argue that a zygote is a living human 
and the destmetion of the zygote or eells 
derived from the zygote is unacceptable. 
Their argument is that the sanetity of human 
life extends well into the prenatal period to 
include the earliest stages of human devel- 
opment. Proponents of embryonie stem eell 
use argue that the definition of a human 
does not extend to the zygote, and the sane- 
tity and quality of human lifeforthose suffer- 
ing from debilitating, often fatal, and 
currently incurable diseases are worth the 
priee. Furthermore, proponents argue that 
the zygotes providing the embryonie stem 


eells were produced for some other reason, 
such as infertility treatment, and will more 
than likely be destroyed. 

Current researeh is developing ways to 
obtain stem eells without using embryos. 
Induced pluripotent stem (iPS) eells are 
nonpleuripotent eells, such as differenti- 
ated adult eells, that have been altered to 
beeome pleuripotent. This was fìrst aeeom- 
plished with human eells in 2007 using 
viruses to introduce developmental genes 
into adult eells. This technique alters DNA, 
however, and could cause mutations and 
eaneer. Safer methods that do not alter DNA 
have been developed. The advantage of 
using iPS eells is that it does not require 
embryos, and tissues grown from such stem 
eells could be transplanted into the donor 
with little risk of graft rejeetion (see ehapter 
19). How effeetive iPS eells will be in the 
researeh and treatment of diseases has not 
yet been determined. 
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Figlire 25.4 Mature Plaeenta and Fetus 

Fetal blood vessels and maternal blood vessels are in elose eontaet, and nutrients are 
exchanged between fetal and maternal blood, but fetal and maternal blood do not mix. 
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between maternal and embryonie (and later, fetal) blood, but there is 
no mhdng of blood. 

The ehorion (syneytiotrophoblast) seeretes human ehorionie 
gonadotropin (gó'nad-ó-tró'pin) (hCG), which is transported in 
the blood to the maternal ovary. Human ehorionie gonadotropin 
causes the corpus luteum to remain functional and continue to 
seerete estrogen and progesterone. The seeretion of hCG begins 
shortly after implantation, inereases rapidly, and reaehes a peak about 
8 or 9 weeks after fertilization. Subsequently, hCG levels deeline to a 
lower level and are maintained at a low level throughout the remain- 
der of the pregnaney (figure 25.5). Most pregnaney tests are designed 
to deteet hCG in either urine or blood. 

The estrogen and progesterone seereted by the corpus luteum 
(see ehapter 24) are essential for the maintenanee of the endome- 
trium for the first 3 months of pregnaney. After the plaeenta forms, 
it also begins to seerete estrogens and progesterone. By the third 
month of pregnaney, the plaeenta has beeome an endoerine gland 
that seeretes sufficient quantities of estrogen and progesterone to 


maintain pregnaney, and the corpus luteum is no longer needed. 
Estrogen and progesterone levels inerease in the mother’s blood 
throughout pregnaney. 



Plaeental Problems 

Usually, the blastoeyst implants in or near the fundus of the uterus. 
If the blastoeyst implants near the cervix, a eondition ealled plaeenta 
previa (prè'vè-à) occurs. In this eondition, as the plaeenta grows, it 
may extend partially or eompletely aeross the internal eervieal open- 
ing. As the fetus and plaeenta continue to grow and the uterus 
stretehes, the region of the plaeenta over the eervieal opening may 
tear, and hemorrhaging may occur. Abmptio (ab-mp'shè-ò) plaeentae 
is a tearing away of a normally positioned plaeenta from the uterine 
wall aeeompanied by hemorrhaging. Both of these eonditions ean 
result in misearriage and ean be life-threatening to the mother. 


1. Human ehorionie gonadotropin 
(hCG) inereases until it reaehes 
a maximum eoneentration near 
the end of the first 3 months of 
pregnaney and then deereases 
to a low level thereafter. 


2. Progesterone continues to 
inerease until it levels off near 
the end of pregnaney. Early in 
pregnaney, progesterone is 
produced by the corpus luteum 
in the ovary; later production 
shifts to the plaeenta. 


3. Estrogen levels inerease slowly 
throughout pregnaney, but they 
inerease more rapidly as the end 
of pregnaney approaehes. Early 
in pregnaney, estrogen is produced 
only in the ovary; later production 
shifts to the plaeenta. 




First trimester 
(first 3 months) 


Seeond trimester 
(seeond 3 months) 


Third trimester 
(third 3 months) 


Proeess Figlire 25.5 ehanges in Hormone Seeretion and eoneentrations During Pregnaney 

The thiekness of the arrows is proportional to the amount of hormone seereted from the plaeenta and ovaries. 
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6 Define implantation, syncytium, ehorion, ehorionie villi, and intervillous 
spaee. 

7 Deseribe the role of hCG in maintaining pregnaney. 

Formation of the Germ Layers 

After implantation, a new eavity ealled the amniotie (am-nè-ot'ik) 
eavity forms inside the inner eell mass. An extraembryonic mem- 
brane, a layer of eells ealled the amniotie sae, or amnion (am'nè-on), 
forms the botmdary of the amniotie eavity (see figure 24.3). 
Amniotie fluid fills the amniotie sae, which eventually enlarges to 
surround the developing embryo, providing it with a proteetive fluid 
environment, the “bag of waters.” 

Formation of the amniotie eavity causes part of the inner eell mass 
nearest the blastoeyst eavity to separate as a flat disk of tissue with two 
layers, ealled the embryonie disk. The epiblast is the layer adjaeent to 
the amniotie eavity and the hypoblast is on the side of the disk oppo- 
site the amnion. The epiblast beeomes the embryo proper and the 
hypoblast gives rise to extraembryonic tissue. An extraembryonic mem- 
brane forms a third eavity, the yolk sae, inside the blastoeyst eavity. 

About 13 or 14 days after fertilization, the embryonie disk is a 
slightly elongated, oval structure. In a proeess ealled gastrulation, the 
two-layer embryonie disk beeomes three-layered. Proliferating eells of 
the epiblast migrate toward the eenter and the caudal end of the disk, 
forming a thiekened line ealled the primitive streak (figure 23.6). Some 
eells leave the epiblast and migrate through the primitive streak to dis- 
plaee hypoblast eells and form the endoderm (en'dò-derm, inside 
layer). Other migrating eells eolleet between the endoderm and epiblast 
to form the mesoderm (mez'ò-derm, middle layer). The eells remaining 
in the epiblast beeome the eetoderm (ek'tò-derm, outside layer). The 
eetoderm, mesoderm, and endoderm are ealled germ layers because all 
tissues of the adult "germinate," or arise from them (table 23.1). 


A speeialized group of eells at the eephalie end of the primitive 
streak moves from one end of the primitive streak to the other and, 
in some as yet unknown way, organizes the embryo. A eordlike struc- 
ture ealled the notoehord (nò'tò-kòrd, notos , baek + ehorde, eord or 
string) is formed by these eells as they move down the primitive 
streak. The notoehord marks the eentral axis of the developing 
embryo (see figure 25.6). 

The development of the germ layers and the subsequent develop- 
ment of the organ systems is heavily dependent on eell communication. 
Some of the eell communication depends on direet eell—eell eontaet, 
whereas other communication depends on diffiasible molecules, such as 
growth faetors. Two important families of growth faetors are epidermal 
growth faetors (EGF) and fibroblast growth faetors (FGF). 

8 Deseribe the formation of the amniotie sae, embryonie disk, and 
yolk sae. 

9 What are the epiblast and hypoblast? What do they beeome? 

10 Deseribe the formation of the germ layers and the role of the 
primitive streak and notoehord. 




Prediet the results of two primitive streaks forming in one embryonie disk. 
What happens if the two primitive streaks are touching eaeh other? 


Neural Tube and Neural 
erest Formation 

At about 18 days after fertilization, the eetoderm overlying the noto- 
ehord thiekens to form the neural plate (figure 25.7). The lateral 
edges of the plate begin to rise like two oeean waves eoming together. 
These edges are ealled the neural folds, and a neural groove lies 


1. Cells in the epiblast move toward the 
primitive streak and migrate through the 
streak (blue arrows). Oells remaining in 
the epiblast beeome the eetoderm. 


2. Cells of the epiblast that migrate 
through the primitive streak beeome 
the mesoderm and the endoderm. 


3. The mesoderm (pink) lies between the 
eetoderm (blue) and endoderm (yellow). 


Notoehord 


Primitive streak 


Connecting 

stalk 


Caudal 



Amnion 


Cephalic 


Eetoderm 

Mesoderm 

Endoderm 


Yolk sae 


Embryonie 

disk 


Proeess Figure 25.6 Embryonie Disk with a Primitive streak 

The head of the embryo will develop over the notoehord. 
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Table 25.1 


Germ Layer Derivatives 


Eetoderm 

Mesoderm 

Endoderm 

Epithelia of skin (epidermis), hair, nails, 

Epithelia of blood vessels, heart, and lymphatie 

Epithelia ofthe larynx, traehea, bronehi, 

subcutaneous glands, and mammary glands 

vessels 

bronehioles, and alveoli 

Epithelia of oral eavity, salivary glands, nasal 

Epithelia of serous membranes (perieardial, 

Epithelia of the pharynx, esophagus, 

eavity, paranasal sinuses, laerimal apparatus, 

pleural, and peritoneal), and tunica vaginalis 

gastrointestinal traet (except distal anal 

eornea, conjunctiva, outer ear, distal anal 

of testis 

eanal), gallbladder, and biliary and 

eanal, and distal urethra in males 

Epithelia of kidney nephrons, ealyees, renal 

panereatie ducts 

Lens and eornea of eye, inner ear, tooth 

pelvis, and ureters 

Epithelia of urinary bladder and urethra (except 

enamel, and anterior pituitary gland 

Epithelia of epididymis, ductus deferens, 

distal urethra in males) 

Neuroectoderm beeomesthe brain and spinal 

ejaculatory duct, seminal vesieles, uterine 

Epithelia of prostate gland, bulbourethral 

eord, retina, optie nerve, somatie motor 

tubes, and uterus 

glands, vagina, vestibule, and vestibular 

neurons, preganglionie autonomic neurons, 

Connective tissue (except that derived from 

glands 

neuroglia (except mieroglia), posterior 

neural erest eells), including eartilage, bone, 

Epithelia of middle ear eavity and auditory tube 

pituitary, and smooth muscle of the iris 

and dermis of skin 

Hepatoeytes of liver, endoerine and exocrine 

Neural erest eells beeome sensory neurons, 

Blood eells and their derivatives (e.g., 

eells of panereas, thyroid gland, parathyroid 

postganglionie autonomic neurons, enterie 
neurons, Schwann eells, adrenal medulla, 
meninges, melanoeytes, laryngeal eartilages, 
faeial bones, teeth (dentin, pulp, and 
cementum) 

maerophages and mieroglia) 

Skeletal muscle, eardiae muscle, and most 
smooth muscle 

Spleen, adrenal cortex, and lymph nodes 

Ovaries and testes (primordial germ eells 
migrate into them from the wall of the 
yolksae) 

glands, thymus, and tonsils 


1. The neural plate forms from 
eetoderm. 


2. Neural folds form as parallel 
ridges along the embryo. 

3. Neural erest eells begin to form 
from the erest of the neural folds 


4. The neural folds meet at the 
midline to form the neural tube 
and neural erest eells separate 
from the neural folds. 


Neural tube 


Somite 





Neural groove 
Neural fold 
Notoehord 


Neural plate 


Neural groove 
Crest of the neural fold 

Neural fold 


Crest of the neural fold 
Neural erest eells 


Skin 

Neural erest eells 

Neural tube 
Notoehord 


Proeess Figure 25.7 Formation of the Neural Tube 

The neural folds eome together in the midline and fuse to form a neural tube.This fusion begins in the eenter and moves both eranially and caudally.The embryo 
shown is about 21 days after fertilization.The insets to the right show progressive closure of the neural tube.The lines indieate loeations of eross seetions. 


between them. The neural folds begin to meet in the midline and fuse 
into a neural tube, which has eompletely elosed by day 26. The eells of 
the neural tube are ealled neuroectoderm (noor-ó-ek'tó-derm) (see 
table 25.1). Neuroectoderm beeomes the brain, the spinal eord, and 
parts of the peripheral nervous system. If the neural tube fails to 
elose, major defeets of the eentral nervous system ean result. 


As the neural folds eome together and fuse, a population of eells 
breaks away from the neuroectoderm all along the erests of the folds. 
Most of these neural erest eells beeome part of the peripheral ner- 
vous system or beeome melanoeytes of the skin. In the head, neural 
erest eells also contribute to the skull, the dentin of teeth, blood 
vessels, and general eonneetive tissue. 
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Neural Tube Defeets 

Aneneephaly (an'en-sef'à-lè, no brain) is a birth defeet in vvhieh 
much of the brain fails to form. It results vvhen the neural tube fails 
to elose in the region of the head. A baby born vvith aneneephaly 
eannot survive. Spina bifìda (spi'nà bi'fì-dà, split spine) is a gen- 
eral term deseribing defeets of the spinal eord, vertebral column, or 
both (figure A). Spina bifìda ean range from a simple defeet vvith no 
elinieal manifestations and vvith one or more vertebral spinous pro- 
eesses split or missing to a more severe defeet that results in paraly- 
sis of the limbs or the bovvels and bladder, depending on vvhere the 
defeet occurs. 

The inclusion the B vitamin folate, also ealled folie aeid, in a 
vvoman's diet during the early stages of her pregnaney signifìeantly 
reduces the riskfor neural tube defeets in her developing embryo. 





Figure A Spina Bifida 


11 Deseribe the formation of the neural tube and neural erest eells. 

Somite Formation 

As the neural tube develops, the mesoderm immediately adjaeent to 
the tube forms distinet segments ealled somites (sò'mltz) (see figure 
25.7). In the head, the first few somites never beeome elearly divided 
but develop into indistinet, segmented structures ealled somito- 
meres. The somites and somitomeres eventually give rise to part of 
the skull, the vertebral column, and skeletal muscle. Most of the head 
muscles are derived from the somitomeres. 

12 What are a somite and a somitomere? 

Formation of the Gut and 
Body eavities 

At the same time that its neural tube is forming, the embryo itself is 
beeoming a tube along the upper part of the yolk sae. The foregut 
and hindgut develop as the eephalie and caudal ends of the yolk sae 
are separated from the main yolk sae. This is the beginning of the 
digestive traet (figure 25.8 a). The developing digestive traet pinehes 


off from the yolk sae as a tube but remains attaehed in the eenter to 
the yolk sae by a yolk stalk. 

The ends of the foregut and hindgut (figure 25.8 b) are in elose 
relationship to the overlying eetoderm and form membranes ealled 
the oropharyngeal membrane and the eloaeal membrane, 
respeetively. The oropharyngeal membrane opens to form the 
mouth, and the eloaeal membrane opens to form the urethra and 
anus. Thus, the digestive traet beeomes a tube that opens to the 
outside at both ends. 

A eonsiderable number of evaginations (è-vaj-i-nà'shunz, out- 
poeketings) occur along the early digestive traet (figure 25.8 e). The 
first to form is the allantois (see figure 25.8^), part of which will form 
the urinary bladder. Other evaginations develop into structures such 
as the anterior pituitary, the thyroid gland, the lungs, the liver, the 
panereas, and the urinary bladder. At the same time, solid bars of 
tissue known as pharyngeal arehes (see figure 25.8c and figure 25.9) 
form along the lateral sides of the head, and the sides of the foregut 
expand as poekets between the pharyngeal arehes. The eentral 
expanded foregut is ealled the pharynx, and the poekets along both 
sides of the pharynx are ealled pharyngeal pouches. Adult deriva- 
tives of the pharyngeal pouches include the auditory tubes, tonsils, 
thymus, and parathyroids. 

At about the same time the gut is developing, a series of iso- 
lated eavities forms in the mesoderm; they fuse together to form 
the eoelom (sè'lom) (see figure 25.8 b and e), or body eavity. 
Eventually, the eoelom subdivides to form the perieardial, pleural, 
and peritoneal eavities (see ehapter 1). 

13 Deseribe the formation of the gut and body eavities. 

Limb Bud Development 

Arms and legs first appear at about 28 days as limb buds (see figure 
25.9). As the limb buds elongate, limb tissues are laid down in a 
proximal-to-distal sequence. For example, in the upper limb, the arm 
is formed before the forearm, which is formed before the hand. 

14 What is a limb bud? What is meant by a proximal-to-distal grovvth 
sequence of the limb? 

Development of the Faee 

The faee develops by the fusion of five embryonie structures: the 
frontonasa! proeess, which forms the forehead, nose, and midpor- 
tion of the upper jaw and lip; two maxillary proeesses, which form 
the lateral parts of the upper jaw and lip; and two mandibular pro- 
eesses, which form the lower jaw and lip (figure 25.10, step 1). Nasal 
plaeodes (plak'òdz), which develop at the lateral margins of the 
frontonasal proeess, develop into the nose and the eenter of the 
upper jaw and lip (figure 25.10, step 2). 

As the brain enlarges and the faee matures, the nasal plaeodes 
approaeh eaeh other in the midline. The medial edges of the plaeodes 
fuse to form the midportion of the upper jaw and lip (figure 25.10, 
steps 3—5). This part of the frontonasal proeess is between the two 
maxillary proeesses, which are expanding toward the midline, and 
fuses with them to form the upper jaw and lip, known as the pri- 
mary palate (see figure 25.10, step 4). 
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Figlire 25.8 Formation of the Digestive Traet 

Blue arrovvs show the folding of the digestive traet into a tube. Dashed lines show the plane from which the eross seetions were taken. (c/)Twenty days after fertilization. 
(b) Twenty-five days after fertilization. (e) Thirty days after fertilization. Evaginations are identified along the pharynx and digestive traet. 
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Figlire 25.9 Human Embryo 35 Days After Fertilization 



eieft Lip 

A deft lip results from failure of the frontonasal and one or both 
maxillary proeesses to fuse (see figure 25.10). Cleft lips usually occur 
to one side (or both sides) because the frontonasal proeess is a mid- 
line structure that normally fuses with the two lateral maxillary pro- 
eesses during formation of the primary palate. The eleft ean vary in 
severity from a slight indentation in the lip to a fìssure that extends 
from the mouth to the nares (nostril). 


At about the same time that the primary palate is forming, the 
lateral edges of the nasal plaeodes fuse with the maxillary proeesses 
to elose off the groove extending from the mouth to the eye (see 
figure 25.10, steps 4 and 5). On rare oeeasions, these structures fail 
to meet, resulting in a faeial eleft extending from the mouth to the 
eye. The inferior margins of the maxillary proeesses fuse with the 
superior margins of the mandibular proeesses to deerease the size of 
the mouth. All of the previously deseribed fusions and the growth 
of the brain give the faee a reeognizably a human” appearanee by 
about 50 days. 

The roof of the mouth, known as the seeondary palate, forms 
as vertieal shelves that swing to a horizontal position and begin to 
fuse with eaeh other at about 56 days of development. Fusion of the 
entire palate is not eompleted until about 90 days. If the seeondary 
palate does not fuse, a midline fissure in the roof of the mouth, ealled 
a elefìt palate, results. A eleft palate ean range in severity from a slight 
eleft of the uvula (see figure 21.4) to a fissure extending the entire 
length of the palate. A eleft lip and eleft palate ean occur together, 
forming a continuous fissure. 


1. 28 days after fertilization 

The faee develops from five 
proeesses: frontonasal (blue), 
two maxillary (yellow), and 
two mandibular ( orange; 
already fused). 



2. 33 days after fertilization 

Nasal plaeodes appear in 
the frontonasal proeess. 


Frontonasal 
proeess 

Nasal 
plaeode 


Maxillary 
proeess 



3. 40 days after fertilization 

Maxillary proeesses extend 
toward the midline. The nasal 
plaeodes also move toward 
the midline and fuse with the 
maxillary proeesses to form 
the jaw and lip. 


Nasal 
plaeode 


Maxillary 
proeess 



4. 48 days after fertilization 

Continued growth brings 
structures more toward the 
midline. 



5. 14 weeks after fertilization 

Colors show the contributions 
of eaeh proeess to the adult 
faee. 


Proeess Figure 25.10 


Nose 

Upper lip 
and jaw 

Lower lip 
and jaw 



Development of the Faee 
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Table 25.2 


Development of the Organ Systems 


Age (Days Sinee Fertilization) 



1-5 

6-10 

11-15 

16-20 

21-25 

26-30 

General Features 

Fertilization, 

mornla, 

blastoeyst 

Blastoeyst 

implants. 

Primitive streak, 
three germ 
layers 

Neural plate 
is present. 

Neural tube is elosed. 

Limb buds and 
other"buds" 

appear. 

lntegumentary 

System 



Eetoderm, 

mesoderm 



Melanoeytes form 
from neural erest. 

Skeletal System 



Mesoderm 


Neural erest gives rise 
tofaeial bones. 

Limb buds 

Muscular System 



Mesoderm 

Somites begin 
to form. 


Somites are all 
present. 

Nervous System 



Eetoderm 

Neural plate 
is present. 

Neuraltube iseomplete; 
neural erest forms; eyes 
and ears begin to form. 

Lens begins to 
form. 

Endoerine 

System 



Eetoderm, 

mesoderm, 

endoderm 

Thyroid begins 
to develop. 


Parathyroid glands 
and panereas 
appear. 

Cardiovascular 

System 



Mesoderm 

Blood islands form; 
two-tubed heart 
forms. 

Single-tubed heart 
begins to beat. 

Interatrial septum 
begins to form. 

Lymphatie 

System 



Mesoderm 



Thymus appears. 

Respiratory 

System 



Mesoderm, 

endoderm 


Diaphragm beginsto 
form. 

Traehea forms as 
single bud; 
lung buds (primary 
bronehi) form. 

Digestive System 



Mesoderm 

Endoderm 


Neural erest forms 
tooth dentin. 

Foregut and 
hindgut form. 

Liver and panereas 
appear as buds. 

Tongue bud 
appears. 

llrinary System 



Mesoderm, 

endoderm 


Pronephros develops; 
allantois appears. 

Mesonephros 

appears. 

Reproductive 

System 



Mesoderm, 

endoderm 


Primordial germ eells 
form on yolk sae. 

Mesonephros 
appears; genital 
tubercle forms. 


15 Deseribe the proeesses involved in the formation of the faee. What 
elefts ean result if these proeesses fail to fuse? 

Development of the 
Organ Systems 

The major organ systems appear and begin to develop during the 
embryonie period. The period between 14 and 60 days is therefore 
ealled the period of organogenesis (ór'gà-nó-jen'é-sis) (table 25.2). 


integiimentary System 

The epidermis of the skin is derived from eetoderm, and the dermis 
is derived from mesoderm, or from neural erest eells, in the ease of 
the faee. Nails, hair, and glands develop from the epidermis (see 
ehapter 5). Melanoeytes and sensory reeeptors in the skin are derived 
from neural erest eells. 

16 List the developmental sources of the epidermis, dermis, nails, hair, 
glands, melanoeytes, and sensory reeeptors of the skin. 
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Age (Days Sinee Fertilìzation) 


31-35 

36-40 

41-45 

46-50 

51-55 

56-60 

Hand and foot 
plates form on limbs. 

Fingers and toes 
appear; lipsform; 
embryo is 15 mm long. 

External ear is forming; 
embryo is 20 mm long. 

Embryo is 25 mm 
long. 

Limbs elongate to adult 
proportions; embryo is 

35 mm long. 

Faee is distinetly 
human in 

appearanee. 

Sensory reeeptors 
appear in skin. 


Collagen fibers are 
elearly present in skin. 


Extensive sensory endings 
are present in skin. 


Mesoderm eondenses 
in areas of future bone. 

Cartilage is present 
in site offuture 
humerus. 

Cartilage is present 
in site offuture ulna 
and radius. 

Cartilage is present 
in site offuture hand 
and fingers. 


Ossifieation begins 
in elavieleandthen 
in other bones. 

Muscle precursor eells 
enter limb buds. 



Functional muscle 
is present. 


Nearly all muscles 
are appearing in 
adultform. 

Nerve proeesses enter 
limb buds. 


External earforming; 
olfaetory nerves begin 
to form. 


Semicircular eanals in 
inner ear are eomplete. 

Eyelids form; 
eoehlea in inner 
ear is eomplete. 

Pituitary gland appears 
as evaginations from 
brain and mouth. 

Gonadal ridgesform; 
adrenal glands are 
forming. 


Pineal gland 
appears. 

Thyroid gland is in adult 
position and its attaehment 
to tongue is lost. 

Anterior pituitary 
loses its eonneetion 
to the mouth. 

Interventricular septum 
beginstoform. 


Interventricular 
septum is eomplete. 

Interatrial septum is 
eomplete but still has 
opening until birth. 



Large lymphatie vessels 
form in neek. 

Spleen appears. 



Adult lymph pattern 
forms. 


Seeondary bronehi to 
lobes form. 

Tertiary bronehi to 
bronchopulmonary 
segments form. 


Traeheal eartilage 
beginstoform. 



Oropharyngeal 
membrane ruptures. 


Seeondary palate 
begins to form; tooth 
buds begin toform. 



Seeondary palate 
beginsto fuse 
(fusion eomplete 
by 90 days). 

Metanephros begins to 
develop. 




Mesonephros 

degenerates. 

Anal portion of 
eloaeal membrane 
ruptures. 


Gonadal ridges 
form. 

Primordial germ 
eells enter 
gonadal ridges. 

Paramesonephrie 
ducts appear. 


Uterus is forming; 
external genitalia 
begin to differentiate 
in maleand female. 


Skeletal System 

The skeleton is derived from mesoderm or neural erest eells and 
forms through intramembranous or endoehondral bone formation 
(see ehapter 6). The bones of the faee develop from neural erest eells, 
whereas the rest of the skull, the vertebral column, and the ribs 
develop from somite- or somitomere-derived mesoderm. The appen- 
dicular skeleton develops from limb bud mesoderm. 

17 From what developmental sources is the skeletal system derived? 


Skeletal Muscle 

Myoblasts (mTò-blastz) are the early, embryonie eells that give rise 
to skeletal muscle íibers. They migrate from somites or somitomeres 
to sites of future muscle development. The myoblasts continue to 
divide and begin to fuse and form multinucleated eells ealled myo- 
tubes, which enlarge to beeome the muscle fibers of the skeletal 
muscles. Shortly after myotubes form, nerves grow into the area and 
innervate the developing muscle fibers. After the basie form of eaeh 
muscle is established, an inerease in the number of muscle fibers 
causes continued muscle growth. The total number of muscle fibers 
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is established before birth and remains relatively eonstant thereafter. 
Muscle enlargement after birth results from an inerease in the size of 
individual fibers. 

18 Deseribe the formation of skeletal muscles from myoblasts. 

Nervous System 

The nervous system is derived from the neural tube and neural erest 
eells (see figure 25.7). Neural tube closure begins at about 21 days of 
development in the upper eervieal region and proeeeds into the head 
and down the spinal eord. Soon after the neural tube has elosed at 
about 25 days of development, the part of the neural tube that 
beeomes the brain begins to expand and develops a series of pouches 
(figure 25.11). Tbe pouch walls beeome the various portions of the 
adult brain, and the pouch eavities beeome fluid-filled ventrieles 
(ven' tri-klz). Tbe ventrieles are continuous with eaeh other and with 


the eentral eanal of the spinal eord. Tbe neural tube develops flexures 
that cause the brain to be oriented almost 90 degrees to the spinal eord. 

Three brain regions ean be identified in the early embryo: 
a forebrain, or proseneephalon (pros-en-sef'à-lon); a midbrain, 
or meseneephalon (mez-en-sef'à-lon); and a hindbrain, or 
rhombeneephalon (rom-ben-sef' à-lon). During development, the 
forebrain divides into the teleneephalon (tel-en-sef'à-lon), which 
beeomes the eerebmm, and the dieneephalon (dl-en-sef'à-lon). Tbe 
midbrain remains as a single structure, but the hindbrain divides into 
the meteneephalon (met'en-sef'à-lon), which beeomes the pons and 
cerebellum, and the myeleneephalon (ml'el-en-sef'à-lon), which 
beeomes the medulla oblongata (see figure 25.11). 

Tbe neuron eell bodies of somatie motor neurons and pregangli- 
onie neurons of the autonomic nervous system, which provide axons 
to the peripheral nervous system, are loeated within the neural tube. 
Sensory neurons and postganglionie neurons of the autonomic ner- 
vous system are derived from neural erest eells. 



(a) Early embryo 



Proseneephalon 


Teleneephalon — 

Optie vesiele (eye) 

Dieneephalon — 


Meseneephalon 



Meseneephalon 


Rhombeneephalon 


Meteneephalon - 
Myeleneephalon 




(b) Late embryo 



Cerebrum 

(from teleneephalon) 


Cerebellum 

(from meteneephalon) 


(e) Adult 


Dieneephalon 


Midbrain 

(meseneephalon) 


Pons 

(from 

meteneephalon) 

Medulla 

oblongata 

(from 

myeleneephalon) 

Spinal eord 


Brainstem 


Proeess Figure 25.11 Development of the 

Brain 

{a) The neural tube forms three pouches.The walls of the 
pouches beeome parts of the brain (note eolor eoding) and the 
lumen of the tube beeomes the ventrieles and eentral eanal of 
the spinal eord. (ò)Two of the pouches divide, resulting in five 
pouches. (e) The adult brain. 
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Aleohol and eigarette Smoke 

A number of drugs and other ehemieals are knovvn to affeet the 
embryo and fetus during development. The tvvo most eommon are 
aleohol and eigarette smoke. Aleohol consumption ean result in 
fetal aleohol syndrome, vvhieh includes deereased mental func- 
tion.Though excessive aleohol consumption, such as aleoholism and 
binge drinking, are knovvn to cause fetal aleohol syndrome, researeh 
results are ineonsistent about the effeets of lovver levels of consump- 
tion. Most physieians reeommend that aleohol not be consumed at 
all during pregnaney. Exposure of the fetus to eigarette smoke 
throughout pregnaney ean stunt the physieal grovvth and mental 
development of the fetus. 


19 Name the five divisions of the neural tube and the part of the brain 
that eaeh division beeomes. 

20 What do the eavities of the neural tube beeome in the adult brain? 

Speeial Senses 

The olfaetory bulbs and nerves develop as an evagination from the 
teleneephalon. The eyes develop as evaginations from the dieneepha- 
lon. Eaeh evagination elongates to form an optie stalk, and a bulb 
ealled the optie vesiele develops at its terminal end (see figure 
25.11). The optie vesiele reaehes the side of the head and stimulates 
the overlying eetoderm to thieken into a lens. The sensory part of the 
ear appears as an eetodermal thiekening, or plaeode, that invaginates 
and pinehes off from the overlying eetoderm. 

21 Deseribe the development of the speeial senses. 

Endoerine System 

An evagination from the floor of the dieneephalon forms the poste- 
rior pituitary gland. The anterior pituitary gland develops from an 
evagination of eetoderm in the roof of the embryonie oral eavity and 
grows toward the floor of the brain. It eventually loses its eonneetion 
with the oral eavity and beeomes attaehed to the posterior pimitary 
gland (see ehapter 15). 

The thyroid gland originates as an evagination from the floor of 
the pharynx in the region of the developing tongue and moves into 
the lower neek, eventually losing its eonneetion with the pharynx. 
The parathyroid glands, which are derived from the third and 
fourth pharyngeal pouches, migrate inferiorly and beeome assoeiated 
with the thyroid gland. 

The adrenal medulla arises from neural erest eells and eonsists 
of speeialized postganglionie neurons of the sympathetie division of 
the autonomic nervous system (see ehapter 14). The adrenal cortex 
is derived from mesoderm. 

The panereas originates as two evaginations from the duode- 
num, which eome together to form a single gland. 

22 Explain the formation of the following endoerine glands: anterior 
pituitary, posterior pituitary, thyroid, parathyroid, adrenal medulla, 
adrenal cortex, and panereas. 


Circulatory System 

The heart develops from two endothelial tubes (figure 25.12, step 1), 
which fuse into a single, midline heart tube (figure 25.12, step 2). 
Blood vessels and blood eells form from blood islands on the surface 
of the yolk sae and inside the embryo. Blood islands are small masses 
of mesoderm that beeome blood vessels on the outside and blood 
eells on the inside. These islands expand and fuse to form the circula- 
tory system. A series of dilations appears along the length of the 
primitive heart tube, and four major regions ean be identified: the 
sinus venosus, the site where blood enters the heart; a single atrium; 
a single ventriele; and the bulbus eordis, where blood exits the heart 
(see figure 25.12, step 2). 

The elongating heart, eonfined within the pericardium, 
beeomes bent into a loop, the apex of which is the ventriele (see 
figure 25.12, step 2). The major ehambers of the heart, the atrium 
and the ventriele, expand rapidly. The right part of the sinus veno- 
sus beeomes absorbed into the atrium, and the bulbus eordis is 
absorbed into the ventriele. The embryonie sinus venosus initiates 
eontraetion at one end of the tubular heart. Later in development, 
part of the sinus venosus beeomes the sinoatrial node, which is the 
adult paeemaker. 


Prediet 



What would happen if the sinus venosus did not eontraet before other areas of 
the primitive heart? 


The interatrial septum, which separates the two atria in the adult 
heart, is formed from two parts: the septum primum (primary 
septum) and the septum secundum (seeondary septum). An open- 
ing in the interatrial septum ealled the foramen ovale (ò-val'é) eon- 
neets the two atria and allows blood to flow from the right to the 
left atrium in the embryo and fetus. An interventricular septum 
(figure 25.12, steps 3—5) develops, which divides the single ventriele 
into two ehambers. 


i 



Heart Defeets 


An atrial septal defeet (ASD) occurs if the foramen ovale in the 
septum secundum is too large, the flaplike septum primum is too 
small to eover the foramen ovale, or a eombination of both. A ven- 
tricular septal defeet (VSD) results when the interventricular sep- 
tum does not grow enough to eompletely separate the ventrieles. 
VSDs are more eommon than ASDs. Both ASDs and VSDs result in 
abnormal heart sounds ealled heart murmurs. Blood passes 
through the ASD or VSD from the left to the right side of the heart. 
The right side of the heart usually hypertrophies. In many eases, 
septal defeets are not serious. In severe eases of VSD (Eisenmenger 
syndrome), the inereased pressure in the pulmonary blood vessels 
and a deereased blood flow through the systemie blood vessels 
result in pulmonary edema, eyanosis (a bluish eolor due to defìeient 
blood oxygenation), or heart failure. 




824 


ehapter 25 


1. 20 days after fertilization 

At this age, the heart eonsists of 
two parallel tubes. 


2. 22 days after fertilization 

The two parallel tubes have fused to 
form one tube. This tube bends as it 
elongates (blue arrows suggest the 
direetion of bending) within the 
eonfined spaee of the pericardium. 




Atrium 

Sinus venosus 


Bulbus eordis 


Ventriele 


3. 31 days after fertilization 

The interatrial septum (septum 
primum, green) and the interventricular 
septum grow toward the eenter of the 
heart. 


4. 35 days after fertilization 

The interventricular septum is nearly 
eomplete. Aforamen opens in the 
septum primum ( green ) as the septum 
secundum begins to form (blue). 


5. The final embryonie eondition 
of the interatrial septum 

Blood from the right atrium ean flow 
through the foramen ovale into the 
left atrium. After birth, as blood 
begins to flow in the other direetion, 
the flaplike septum primum is foreed 
against the septum secundum, 
elosing the foramen ovale. 



Right atrium 


Atrioventricular 
eanals 

Right ventriele 


Septum 


primum 


Left atrium 


Left ventriele 

lnterventricular 

septum 



lnterventricular 
septum 


Right atrium — 

Foramen ovale 
Right ventriele 


Septum secundum 

Septum primum 
Foramen 


secundum 


primum 


Interatrial 

septum 


Left atrium 


Left ventriele 


Proeess Figure 25.12 Development of the Heart 
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23 Explain the proeess vvhereby a one-ehambered heart beeomes a four- 
ehambered heart. 

Respiratory System 

The lungs begin to develop as a single midline evagination from the 
foregut in the region of the future esophagus. This evagination 
branehes to form two lung buds (figure 25.13, step 1). The lung 
buds elongate and braneh, forming the main bronehi that projeet 
to the lungs. The main bronehi braneh, forming the lobar bronehi, 
which projeet to the lobes of the lungs (figure 25.13, step 2). The 
lobar bronehi braneh, forming the segmental bronehi, which pro- 
jeet to the bronchopulmonary segments of the lungs (figure 25.13, 
step 3). This branehing continues (figure 25.13, step 4) until, by 
the end of the sixth month, about 17 generations of branehing have 
occurred. Even after birth, some branehing continues as the lungs 
grow larger, and in the adult about 23 generations of branehes have 
been established. 

24 Deseribe the formation of the bronehi and lungs. 

llrinary System 

The kidneys develop from mesoderm loeated between the somites and 
the lateral part of the embryo. About 21 days after fertilization, the 
mesoderm in the eervieal region differentiates into a structure ealled 
the pronephros (the most forward or earliest kidney) (figure 25.l4a), 
which eonsists of a duct and simple tubules eonneeting the duct to the 
open eoelomie eavity. This type of kidney is the fimetional adult kid- 
ney in some lower ehordates, but it is probably not fimetional in the 
human embryo and soon disappears. 

The mesonephros (middle kidney) (see figure 25.14^) is a fime- 
tional organ in the embryo. It eonsists of a duct, which is a caudal 
extension of the pronephrie duct, and a number of minute tubules, 
which are smaller and more complex than those of the pronephros. 
One end of eaeh tubule opens into the mesonephrie duct, and the 
other end forms a glomerulus (see ehapter 23). 

As the mesonephros is developing, the caudal end of the hindgut 
begins to enlarge to form the eloaea (klò-à'kà, sewer), the eommon 
junction of the digestive, urinary, and genital systems (figure 25.14^). 
A urorectal septum divides the eloaea into two parts: a digestive part 
ealled the rectum and a urogenital part ealled the urethra (figure 
24.l4c). The eloaea has two tubes assoeiated with it: the hindgut and 
the allantois (à-lan'tó-is, sausage), which is a blind tube extending 
into the umbilical eord (see figures 25.9 and 25.14). The part of the 
allantois nearest the eloaea enlarges to form the urinary bladder, and 
the remainder, which is from the bladder to the umbilicus, forms the 
median umbilical ligament (figure 25.l4d). 

The mesonephrie duct extends caudally as it develops and eventu- 
ally joins the eloaea. At the point of junction, another tube, the ureter, 
begins to form. Its distal end enlarges and branehes to form the duct 
system of the adult kidney, ealled the metanephros (last kidney), 
which takes over the fiinetion of the degenerating mesonephros. 

25 Deseribe the development of the pronephros, mesonephros, and 
metanephros in the development of the kidneys. 


1. 28 days after 
fertilization 

Asingle bud 
forms and 
divides into 
two buds, which 
will beeome 
the lungs and 
main bronehi. 


Foregut — 

Evagination 
of future — 
traehea 




Lung buds 
(beeome 
lungs and 
main 
bronehi) 


2. 32 days after 
fertilization 

Main bronehi 
braneh to form 
lobar bronehi, 
which supply the 
lung lobes. 


Esophagus 
Traehea— 



Main 

bronchus 

Lobar 

bronehial 

bud 


3. 35 days after 
fertilization 

Lobar bronehi 
braneh to form 
segmental bronehi, 
which supply the 
bronchopulmonary 
segments. 


Main bronchus 


Lobar 

bronchus 


Segmental 
bronchus 



Traehea 


4. 50 days after 
fertilization 

The branehing 
will continue to 
eventually form 
the extensive 
respiratory 
passagesin 
the lungs. 


Right main 
bronchus 


Superior 
lobe 

Middle lobe 


Inferior lobe 



Traehea 

Left main 
bronchus 


Superior 

lobe 


Inferior 

lobe 


Proeess Figure 25.13 Development of the Lung 
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Tonsil 


Thymus and 
parathyroids 


Lung 


Pronephros 

(degenerating 

tubules) 

Mesonephros 


Mesonephrie 

duct 


Llreter 


Metanephros 


Pharynx 



Auditory 

tube 

Anterior 

pituitary 

Stomaeh 

Liver 

Panereas 

Midgut 

Yolk stalk 

Allantois 

Intestine 

Llrinary 

bladder 


Cloacal membrane 
Cloaca 

Hindgut 


Mesonephros- 

Mesonephrie duct 

Llreter- 

Metanephros- 



Allantois 


Cloaca 

Hindgut 


(a) The three parts of the developing kidney: 
pronephros, mesonephros, metanephros 


(b) The metanephros (adult kidney) enlarges as the mesonephros 
degenerates. 


Mesonephros 


Kidney- 

(metanephros) 



Allantois 


Llreter 


Mesonephrie duct 


Llrinary 

bladder 

Llrethra 

Llroreetal 

septum 

Rectum 


Kidney 

(metanephros) 


Llreter 


Rectum 



Llrinary 

bladder 

LJrethra 


(e) The kidney continues to grow and develop. 


(d) Final duct relationships 


Figlire 25.14 Development of the Kidney and Llrinary Bladder 


Reproductive System 

The male and female gonads appear as gonadal ridges along the 
ventral border ofeaeh mesonephros (figure 25.15, step 1). Primordial 
germ eells, destined to beeome ooeytes or sperm eells, form on the 
surface of the yolk sae, migrate into the embryo, and enter the 
gonadal ridge. 

In the female, the ovaries deseend from their original position in 
the abdominal eavity to a position in the pelvie eavity. In the male, 
the testes deseend even farther. As the testes reaeh the anteroinferior 
abdominal wall, two tunnels ealled the inguinal eanals form 
through the abdominal musculature. The testes pass through these 
eanals, leaving the abdominal eavity and eoming to lie within the 
scrotum (see figure 24.5). Deseent of the testes through the eanals 
begins about 7 months after eoneeption, and the testes enter the 
scrotum about 1 month before the infant is born. 



Li 

- T 


eryptorehidism 


ln approximately 3% of male ehildren, one or both testes fail to 
enter the scrotum. This eondition is ealled undescended testes, or 
eryptorehidism (krip-tòr'ki-dizm). Because testosterone is required 
for the testes to deseend into the scrotum, eryptorehidism is often 
the result of inadequate testosterone seereted by the fetal testes. If 
neither testis deseends and the defeet is not eorreeted, the male will 
be infertile because the slightly higher temperature of the body 
eavity, eompared with that of the serotal sae, causes the spermato- 
gonia to degenerate. Cryptorchidism is an important risk faetor for 
testicular eaneer. Cryptorchidism is treated with hormone therapy 
or surgery. 
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1. At the iindifferentiated 
stage, paramesonephrie 
ducts (green) and mesonephrie 
ducts (pink) are present. 

2. In the male, the mesonephrie 
ducts develop and the 
paramesonephrie ducts 
degenerate. 

3. In the female, the 
paramesonephrie ducts 
develop and the mesonephrie 
ducts degenerate. 


Mesonephros 


Paramesonephrie 

duct 

Gonadal ridge — 


Mesonephrie duct 
Metanephros— 



Cloaca 


llrinary_ 

bladder 

Seminal_ 

vesiele 

Prostate_ 

gland 

Ductus deferens 
(from mesonephrie duct) 

Epididymis- 

Testis- 




Llterine tube (from 

paramesonephrie 

duct) 

Ovary 


Uterus 



Vagina 



O Female 


Proeess Figure 25.15 Development of the Reproductive System 


Paramesonephrie ducts (also ealled míillerian ducts) begin to 
develop just lateral to the mesonephrie ducts (also ealled wolffian 
ducts) and grow inferiorly to meet one another, where they enter the 
eloaea as a single, midline tube. 

In male embryos, testosterone is seereted by the testes. It 
causes the mesonephrie duct system to enlarge and differentiate to 
form the epididymis, ductus deferens, seminal vesieles, and pros- 
tate gland (figure 25.15, step 2). Míillerian-inhibiting hormone, 
which the testes also seerete, causes the paramesonephrie miille- 
rian ducts to degenerate. In female embryos, neither testosterone 
nor miillerian-inhibiting hormone is seereted. As a result, the 
mesonephrie duct system atrophies, and the paramesonephrie duct 
system develops to form the uterine tubes, the uterus, and part of 
the vagina (figure 25.15, step 3). 

Like the other sexual organs, the external genitalia begin as the 
same structures in the male and female and then diverge (figure 25.16). 
An enlargement ealled the genital tubercle develops in the groin of the 
embryo. Genital folds develop on eaeh side of a urethral groove, and 
labioserotal swellings develop lateral to the folds. 

In the male, under the influence of testosterone, the genital 
tubercle and the genital folds elose over the urethral groove to form 
the penis. If this closure does not proeeed all the way to the end of 
the penis, a defeet known as hypospadias (hl'pò-spà'dè-às) results. 
The testes move into the labioserotal swellings, which beeome the 
scrotum of the male. 


In the female, in the absenee of testosterone, the genital tubercle 
beeomes the elitoris. The urethral groove disappears; genital folds do 
not fuse. As a result, the urethra opens somewhat posterior to the 
elitoris but anterior to the vaginal opening. The unfused genital folds 
beeome the labia minora, and the labioserotal folds beeome the labia 
majora. 

26 Deseribe the effeet of hormones on the development of the male and 
female reproductive systems. 

27 Compare the male and female structures formed from eaeh of the 
follovving: genital tubercle, genital folds, and labioserotal svvellings. 




How would the failure to produce miillerian-inhibiting hormone affeet the de- 
velopment of the internal reproductive system and external genitalia in a male 
embryo? 


Grovvth of the Fetus 

The embryo beeomes a fetus approximately 60 days after fertilization 
(figure 25.17). In the embryo, the organ systems are developing, 
whereas in the fetus the organs grow and mature. The fetus grows on 
average from about 3 em and 2.5 g (0.09 oz) at 8 weeks to 50 em and 
3300 g (7 lb, 4 oz) at the end of pregnaney. The growth during the 
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1. At approximately 5 weeks after 
fertilization, the genital tubercle, 
genital folds, and labioserotal 
swellings are the same for the 
male and female. 


2. By 10 weeks of development, 
the male penile structures are 
somewhat larger than those of 
the female elitoris. The urethral 
groove is still open in the male 
and female. 


3. Near term, the general adult 
eondition is aehieved. The 
labioserotal swellings beeome 
the scrotum in the male and the 
labia majora in the female. The 
genital folds fuse in the male to 
form the body of the penis, 
whereas they form the labia 
minora in the female. The 
urethral groove in the male is 
elosed by the raphe of the 
penis. It remains open in the 
female as the vestibule. 




Genital tubercle 
Genital folds 
llrethral groove 
Labioserotal swelling 


Glans penis 



O 


Genital fold 
Llrethral groove 

Labioserotal 
swelling 



Glans of 
elitoris 


\ 


Llrethra 


Glans penis 


Body of penis 
Raphe of 


pems 


Scrotum 


- 


M 



Prepuce 
(pulled baek 
to reveal glans) 


O 


Prepuce of 
elitoris 


Labia majora 


Labia minora 


Vagina 
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Proeess Figure 25.16 Development of the External Genitalia 



(a) 

Figlire 25.17 Embryos and Fetuses at Different Ages 

[a) Embryo 50 days after fertilization. (ò) Fetus 3 months after fertilization. 
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fetal period represents more than a 15-fold inerease in length and a 
1400-fold inerease in weight. 

Fine, soft hair ealled lanugo (la-noo'gò) eovers the fetus, and a 
waxy eoat of sloughed epithelial eells ealled vernix easeosa (ver'niks 
kà-se-ò'sà) proteets the fetus from the somewhat toxic nature of the 
amniotie fluid formed by the accumulation of waste products from 
the fetus. 

Subcutaneous adipose tissue that accumulates in the older fetus 
and newborn provides a nutrient reserve, helps insulate the baby, and 
aids the baby in sucking by strengthening and supporting the eheeks 
so that negative pressure ean be developed in the oral eavity. 

Peak body growth occurs late in gestation, but, as plaeental size 
and blood supply limits are approaehed, the growth rate slows. 
Growth of the plaeenta essentially stops at about 35 weeks, thus 
restrieting further intrauterine growth. 

28 What major events distinguish embryonie development from fetal 
development? 


25.2 Labor 

Labor, ehildbirth, or parturition (par-toor-ish'un) is the proeess by 
which a baby is born. Physieians usually calculate the gestation 
period, or length of the pregnaney, as 280 days (40 weeks) from the 
last menstmal period (LMP) to the date of delivery of the infant. 


Prediet 



Compare and eontrast elinieal age and developmental age for fertilization, 
implantation, beginning of the fetal period, and labor. 


Labor results in the expulsion of the fetus and plaeenta from the 
uterus. Although labor may differ greatly from woman to woman 
and from one pregnaney to another for the same woman, it ean usu- 
ally be divided into three stages (figure 25.18): 

1. The first stage begins with the onset of regular uterine eontraetions 
and extends until the cervix dilates to a diameter about the size of 
the fetuss head (10 em). This stage takes approximately 24 hours, 
but it may be as short as a few minutes in some women who have 
had more than one ehild. During this stage of labor, the amniotie 
sae ruptures, releasing the amniotie fluid. This event is eommonly 
referred to as when the “water breaks.” 

2. The seeond stage lasts from the time of maximum eervieal 
dilation until the baby exits the vagina. This stage may last from 
1 minute to up to 1 hour. During this stage, eontraetion of the 
woman’s abdominal muscles assists the uterine eontraetions. 

3. The third stage, often ealled the plaeental stage, involves the 
expulsion of the plaeenta from the uterus. Contractions of the 
uterus cause the plaeenta to tear away from the wall of the uterus. 
Some bleeding occurs because of the intimate eontaet between 
the plaeenta and the uterus; however, bleeding normally is 
restrieted because uterine smooth muscle eontraetions eompress 
the blood vessels to the plaeenta. 

During the 4 or 5 weeks following delivery, the uterus beeomes 
much smaller, but it remains somewhat larger than it was before 






u 


Llmbilieal 

eord 



Plaeenta 




Cervix 


Amniotie 

sae 


Vagina 


1. First stage: Begins with the onset of regular uterine eontraetions. 
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2. Seeond stage: Extends from maximal eervieal dilation until 
the baby exits the vagina. It lasts from a few minutes to an hour. 
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3. Third stage: The plaeenta is expelled. 

Proeess Figure 25.18 Labor 
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Relevanee 


Amnioeentesis (am'nè-ò-sen-tè'sis) 
is the removal of amniotie fluid from the 
amniotie eavity (fìgure B). As the fetus devel- 
ops, it expels molecules of various types, as 
well as living eells, into the amniotie fluid. 
These molecules and eells ean be eolleeted 
and analyzed. A number of normal eondi- 
tions ean be evaluated, and a number of 
metabolie disorders ean be deteeted by ana- 
lyzing the types of molecules that the fetus 
expels. The eells eolleeted by amnioeentesis 
ean be grown in culture, and additional 
metabolie disorders ean be evaluated. 
Chromosome analysis, ealled a karyotype 
(see p. 835), ean also be performed on the cul- 
tured eells. Amnioeentesis is most eommonly 
performed at 13-16 weeks after fertilization. 

Fetal tissue samples ean also be obtained 
by ehorionie villus sampling, in which a 
probe is introduced into the uterine eavity 
through the cervix and a small pieee of 
ehorion removed. This technique has an 
advantage over amnioeentesis in that it ean 
be used earlier in development, as early as 
8-10 weeks after fertilization. Furthermore, 
eells ean be used direetly for analyses such as 
karyotyping, rather than having to culture 
eells, as in amnioeentesis. 

One of the molecules normally pro- 
duced by the fetus and released into the 
amniotie fluid is a-fetoprotein. If the fetus 
has tissues exposed to the amniotie fluid 
that are normally eovered by skin, an exces- 
sive amount of a-fetoprotein is lost into the 
amniotie fluid. For example, failure of the 
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Figlire B Removal of Amniotie Fluid for Amnioeentesis 


neural tube to elose results in the exposure 
of neural tissue to amniotie fluid, and failure 
of the abdominal wall to fully form exposes 
abdominal organs to amniotie fluid. 

Some of the metabolie by-products 
from the fetus, such as a-fetoprotein, ean 
enter the maternal blood. In some eases, the 
by-products are proeessed and passed to 
the maternal urine. The levels of these fetal 
products ean then be measured in the 
mother's blood or urine. 

The fetus ean be seen within the uterus 
by ultrasound, which uses sound waves that 


are bounced off the fetus like sonar and then 
analyzed and enhaneed by computer. 

Fetal heart rate ean be deteeted with 
an ultrasound stethoseope by the tenth 
week after fertilization and with a eonven- 
tional stethoseope by 20 weeks. The nor- 
mal fetal heart rate is 140 bpm (normal 
range is 110-160). 


Mc 

Graw 

Hill 


oormeet© 

ANATOAAY & PHYSIOLOGY 



pregnaney. A vaginal diseharge eomposed of small amounts of 
blood and degenerating endometrium ean persist for several days 
after delivery. 

The preeise signal that triggers labor is unknown, but many of 
the faetors that support it have been identified. Before labor begins, 
the progesterone eoneentration in the maternal circulation is at 
its highest level. Progesterone has an inhibitory effeet on uterine 
smooth muscle eells. Near the end of pregnaney, however, estrogen 
levels rapidly inerease in the maternal circulation, and the excit- 
atory influence of estrogens on uterine smooth muscle eells over- 
eomes the inhibitory influence of progesterone (see figure 25.5). 

The stress of the eonfined spaee of the uterus and the limited 
oxygen supply resulting from a more rapid inerease in the size of the 
fetus than in the size of the plaeenta inerease the rate of adrenoeor- 


tieotropie hormone (ACTH) seeretion by the ferns’s anterior pitu- 
itary gland (figure 25.19). ACTH causes the fetal adrenal cortex to 
produce glucocorticoids, which travel to the plaeenta, where they 
deerease the rate of progesterone seeretion and inerease the rate of 
estrogen synthesis. In addition, prostaglandin synthesis is initiated. 
Prostaglandins strongly stimulate uterine eontraetions. 

During labor, streteh of the uterine cervix initiates nervous 
reflexes that cause oxytocin to be released from the woman’s poste- 
rior pimitary gland. Oxytocin stimulates uterine eontraetions, 
which move the fetus farther into the cervix, causing further streteh. 
Thus, a positive-feedbaek meehanism is established in which streteh 
stimulates oxytocin release and oxytocin causes further streteh. This 
positive-feedbaek system stops after delivery, when the cervix is no 
longer stretehed. 
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1. The fetal hypothalamus seeretes a 
releasing hormone, eortieotropin-releasing 
hormone (CRH), which stimulates 
adrenoeortieotropie hormone (ACTH) 
seeretion from the pituitary. The fetal 
pituitary seeretes ACTH in greater 
amounts near parturition. 

2. ACTH causes the fetal adrenal gland to 
seerete greater quantities of adrenal 
eortieal steroids. 

3. Adrenal eortieal steroids travel in the 
umbilical blood to the plaeenta. 


4. In the plaeenta, the adrenal eortieal 
steroids cause progesterone synthesis to 
level off and estrogen and prostaglandin 
synthesis to inerease, making the uterus 
more excitable. 

5. The stretehing of the uterus produces 
aetion potentials that are transmitted to 
the brain through aseending pathways. 

6. Aetion potentials stimulate the seeretion of 
oxytocin from the posterior pituitary. 

7. Oxytocin causes the uterine smooth 
muscle to eontraet. 
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Proeess Figure 25.19 Faetors That influence the Proeess of Labor 

Although the preeise eontrol of labor is unknown, these ehanges appear to play a role. 


Oxytocin 

Oeeasionally, synthetie oxytocin (pitoein) is administered to 
women during labor to inerease the foree of uterine eontraetions. 
Caution must be exercised in the use of this drug, however, so that 
tetanie-like eontraetions, which would drastieally reduce the blood 
flow through the plaeenta, do not occur. 


Progesterone inhibits oxytocin release and deereases the number 
of oxytocin reeeptors. Deereased progesterone levels in the maternal 
circulation results in inereased oxytocin seeretion and an inerease in 
the number of oxytocin reeeptors in the uterus. In addition, estro- 
gens make the uterus more sensitive to oxytocin stimulation by 
inereasing the synthesis of reeeptor sites for oxytocin. Estrogen may 
also inerease the formation of gap junctions between myometrial 
eells, thereby inereasing the eontraetility of the uterus. Some evi- 
denee suggests that oxytocin also stimulates prostaglandin synthesis 
in the uterus. All these events support the development of strong 
uterine eontraetions. 

29 List the stages of labor, and indieate when eaeh stage begins and its 
approximate length of time. 

30 Deseribe the hormonal ehanges that take plaee before and during 
delivery. How is streteh of the cervix involved in delivery? 


Prediet 



A woman is having an extremely prolonged labor. From her anatomy and phys- 
iology course, she remembers the role of Ca 2+ in muscle eontraetion and asks 
the doetor to give her a Ca 2+ injeetion to speed the delivery. Explain why the 
doetor would or would not do as she requests. 


25.3 The Newborn 

The newborn, or neonate (né'ó-nàt, newborn), experiences several 
dramatie ehanges at the time of birth. The major and earliest ehanges 
are the separation of the infant from the maternal circulation and the 
transfer from a fluid to a gaseous environment. 

Resp ratory and Circulatory ehanges 

Fetal blood circulation is different from the adult pattern for several 
reasons: 

1. The fetus is eonneeted to the mother through the plaeenta. 
Oxygen-rich, nutrient-rich blood is earried from the plaeenta 
to the fetus by the iimbilieal vein, and oxygen-poor, nutrient- 
poor blood is returned to the plaeenta by the umbilical arteries 
(figure 25.20, steps 4 and 5). 

2. The umbilical vein joins the left braneh of the hepatie portal 
vein opposite the origin of the ductus venosus, which is 

a short vessel eonneeting to the inferior vena eava 
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1. Blood bypasses the lungs by flowing from the 
pulmonary trunk through the ductus arteriosus to 
the aorta. 


2. Blood also bypasses the lungs by flowing from the 
right to the left atrium through the foramen ovale. 


3. Blood bypasses the liver sinusoids by flowing 
through the ductus venosus. 


4. Oxygenated blood is returned to the fetus from the 
plaeenta by the umbilical vein. 


5. Deoxygenated blood is earried from the fetus to 
the plaeenta through the umbilical arteries. 


Proeess Figure 25.20 Fetai circuiation 
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(figure 25.20, step 3). Approximately 50% of the blood 
flowing through the umbilical vein bypasses the liver by 
flowing through the ductus venosus to the inferior vena eava. 
The other 50% flows through the liver with blood from the 
fetal hepatie portal system. 

3. The fetus is not breathing and blood bypasses the lungs in two 
ways. Approximately 28% of the blood entering the fetal heart 
bypasses the pulmonary circuit by flowing from the right atrium 
into the left atrium through an opening in the atrial septum 
ealled the foramen ovale (figure 25.20, step 2). The remainder 
enters the right ventriele and exits the heart through the 
pulmonary trunk. Approximately 61% of the blood entering the 
fetal heart passes through the ductus arteriosus, which eonneets 
the left pulmonary artery with the aorta (figure 25.20, step 1). 
Thus, only 11 % of the blood entering the fetal heart flows 
through the fetal lungs. 

The large, foreed gasps of air that occur when the infant eries 
at the time of delivery help inflate the lungs. The initial inflation 
of the lungs causes important ehanges in the circulatory system. 
Expansion of the lungs reduces the resistanee to blood flow 


through the lungs, resulting in inereased blood flow through the 
pulmonary arteries. Consequently, more blood flows from the 
right atrium to the right ventriele and into the pulmonary arteries, 
and less blood flows from the right atrium through the foramen 
ovale to the left atrium. In addition, an inereased volume of blood 
returns from the lungs through the pulmonary veins to the left 
atrium, which inereases the pressure in the left atrium. The 
inereased left atrial pressure and deereased right atrial pressure, 
resulting from deereased pulmonary resistanee, forees blood 
against the septum primum (see figure 25.12, step 5), causing the 
foramen ovale to elose. This aetion flanetionally eompletes the 
separation of the heart into two pumps: the right side of the heart 
and the left side of the heart. The elosed foramen ovale beeomes 
the fossa ovalis (figure 25.21, step 2). 

The ductus arteriosus eloses off within 1 or 2 days after birth. 
This closure occurs because of the sphineterlike eonstrietion of the 
artery and is probably stimulated by loeal ehanges in blood oxygen 
eontent and blood pressure. Onee elosed, the ductus arteriosus is 
replaeed by eonneetive tissue and is known as the ligamentiim arte- 
riosum (figure 25.21, step 1). 
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1. VVhen air enters the lungs, blood is foreed 
through the pulmonary arteries to the lungs. 
ductus arteriosus eloses and beeomes the 
ligamentum arteriosum (graý). 


The 


2. The foramen ovale eloses and beeomes the 
fossa ovalis. Blood ean no longer flow from the 
right to the left atrium. 


3. The ductus venosus degenerates and beeomes 
the ligamentum venosum (graý). 


4. The umbilical arteries and vein are cut. The 
umbilical vein beeomes the round ligament of 
the liver (graý). 


5. The umbilical arteries also degenerate and 
beeome the eords of the umbilical arteries (graý). 
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Proeess Figure 25.21 eireiilatory ehanges Following Birth 
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lf the ductus arteriosus does not elose eompletely, it is said to be 
patent.This is a serious birth defeet, resulting in marked elevation in 
pulmonary blood pressure because blood flows from the left ven- 
triele to the aorta, through the ductus arteriosus, to the pulmonary 
arteries. If not eorreeted, it ean lead to irreversible degenerative 
ehanges in the heart and lungs. 

When the umbilical eord is tied and cut, no more blood flows 
through the umbilical vein and arteries, and they degenerate. The 
remnant of the umbilical vein beeomes the ligamentiim teres, or 
round ligament, of the liver, and the ductus venosus beeomes the 
ligamentum venosum. The remnants of the umbilical arteries 
beeome the eords ofthe umbilical arteries (figure 25.21, steps 3—5). 

31 Deseribe fetal circulation. How is it different from adult circulation? 

32 What ehanges take plaee in the newborn's circulatory system shortly 
after birth? What does eaeh of thefollowing beeome: foramen ovale, 
ductus arteriosus, umbilical vein, umbilical arteries, and ductus 
venosus? 


Digestive ehanges 

When a baby is born, it is suddenly separated from its source of 
nutrients provided by the maternal circulation. Because of this sepa- 
ration and the stress of birth and new life, the neonate usually loses 
5%—10% of its total body weight during the first few days of life. 
Although the digestive system of the fetus beeomes somewhat func- 
tional late in development, it is still very immature, eompared with 
that of an adult, and ean digest only a limited number of food types. 

Late in gestation, the fetus swallows amniotie fluid from time to 
time. Shortly after birth, this swallowed fluid plus eells sloughed 
from the mucosal lining, mucus produced by intestinal mucous 
glands, and bile from the liver pass from the digestive traet as a green- 
ish anal diseharge ealled meconium (mè-kò'nè-um). 

The pH of the stomaeh at birth is nearly neutral because of the 
presenee of swallowed alkaline amniotie fluid. Within the first 8 hours 
of life, a striking inerease in gastrie aeid seeretion occurs, causing the 
stomaeh pH to deerease. Maximum aeidity is reaehed at 4—10 days, 
and the pH gradually inereases for the next 10—30 days. 

The neonatal liver is flinetionally immature and laeks adequate 
amounts of the enzyme required in the production of bilimbin. This 
enzyme system usually develops within 2 weeks after birth in a healthy 
neonate, but, because this enzyme system is not fully developed at birth, 
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some full-term babies temporarily develop jaundice, with elevated 
blood levels of bilimbin. Jaundice often occurs in premamre babies. 

The newborn digestive system is eapable of digesting laetose 
(milk sugar) from the time of birth. The panereatie seeretions are 
sufficiently mature for a milk diet, but the digestive system only 
gradually develops the ability to digest more solid foods over the first 
year or two. New foods should be introduced gradually during the 
first 2 years. It is also advised that only one new food be introduced 
at a time into the infant’s diet so that, if an allergie reaetion occurs, 
the cause is more easily determined. 

Amylase seeretion by the salivary glands and the panereas 
remains low until after the first year. Laetase aetivity in the small 
intestine is high at birth but deelines during infaney, although the 
levels still exceed those in adults. Laetase aetivity is lost in many 
adults (see ehapter 21). 

33 What ehanges take plaee in the newborn's digestive system shortly 
after birth? 

34 Define meconium. Why does jaimdiee often develop after birth? 


eongenital Disorders 

The term eongenital means present at birth, and eongenital disor- 
ders are abnormalities eommonly referred to as birth defeets. 
Approximately 15% of all eongenital disorders have a known 
genetie cause, and approximately 70% of all birth defeets are of 
unknown cause. The remaining 15% are the result of environmen- 
tal causes or a eombination of environmental and genetie causes. In 
the ease of environmental causes, the birth defeet results from dam- 
age to the fetus during development. Agents that cause birth 
defeets are ealled teratogens (ter'à-tó-jenz). For example, fetal aleo- 
hol syndrome results when a pregnant woman drinks aleohol, 
which erosses the plaeenta and damages the fetus. The baby is born 
with a smaller-than-normal head and mental retardation and may 
exhibit other birth defeets. Researehers are working to identify 
various teratogens. With this information, women ean avoid 
known teratogens and reduce the risk for birth defeets. 

35 What are eongenital disorders? What causes these disorders? 

36 What is a teratogen? Give an example. 


25.4 Laetation 

Laetation (lak-tà'shun, suckle) is the production of milk by the 
mammary glands within the breasts. It normally occurs in females 
after delivery and may continue for 2 or 3 years, or even longer, 
provided suckling occurs often and regularly. 

During pregnaney, the high eoneentration and continuous pres- 
enee of estrogens and progesterone cause expansion of the duct sys- 
tem and seeretory units of the mammary glands. The ducts grow and 
braneh repeatedly to form an extensive network. The size of the 
breasts inereases substantially throughout pregnaney because of 
inereased adipose tissue deposition. Estrogen is primarily responsible 
for breast growth during pregnaney, but normal development of the 
breast does not occur without the presenee of several other hor- 
mones. Progesterone causes development of the breasts’ seeretory 


alveoli, which enlarge but do not usually seerete milk during preg- 
naney. The other hormones are growth hormone, prolaetin, thyroid 
hormones, glucocorticoids, and insulin. The plaeenta seeretes a 
growth hormonelike substance (human somatotropin) and a prolaetin- 
like substance (human plaeental laetogen), and these substances help 
support the development of the breasts. 

Prolaetin, which is produced by the anterior pimitary gland, is 
the hormone responsible for milk production. Before birth, high 
levels of estrogen stimulate an inerease in prolaetin production. Milk 
production is inhibited during pregnaney, however, because high 
levels of estrogen and progesterone inhibit the effeet of prolaetin on 
the mammary glands. After birth, estrogen, progesterone, and pro- 
laetin levels deerease, and, with lower estrogen and progesterone 
levels, prolaetin stimulates milk production. Despite a deerease in the 
basal levels of prolaetin, a reflex response produces surges of prolaetin 
release. During suckling, meehanieal stimulation of the breasts initi- 
ates nerve impulses that reaeh the hypothalamus, causing the seere- 
tion of prolaetin-releasing faetor (PRF) and inhibiting the release 
of prolaetin-inhibiting faetor (PIF). Consequently, prolaetin levels 
temporarily inerease and stimulate milk production (figure 25.22). 
Prolaetin results in the production of milk to be used in the next 
nursing period because it takes time to produce milk. 

For the first few days after birth, the mammary glands seerete 
eolostmm (kò-los'trum), a very nutritious substance that eontains 
little fat and less laetose than milk. The breasts may seerete some 
eolostmm during pregnaney. Evenmally, milk with a higher fat and 
laetose eontent is produced. Colostrum and milk not only provide 
nutrition but also eontain antibodies (see ehapter 19) that help pro- 
teet the nursing baby from infeetions. 

Repeated stimulation of prolaetin release, by suckling, makes 
nursing (breast-feeding) possible for several years. If nursing stops, 
however, within a few days the ability to produce prolaetin eeases, 
and milk production stops. 

At the time of nursing, stored milk is released as a result of a 
reflex response. Meehanieal stimulation of the breasts produces nerve 
impulses that cause the release of oxytocin from the posterior pitu- 
itary, which stimulates eells surrounding the alveoli to eontraet. Milk 
is then released from the breasts, a proeess ealled milk letdown (see 
figure 25.22). In addition, higher brain eenters ean stimulate oxyto- 
ein release, and such things as hearing an infant ery ean result in milk 
letdown. 

37 What hormones are involved in preparing the breast for laetation? 

Deseribe the events involved in milk production and milk letdown. 

What is colostrum? 


Prediet 



While nursing her baby, a woman notiees that she develops"uterine eramps." 
Explain what is happening. 



Genetes 

Geneties is the study of heredity; that is, the eharaeteristies ehildren 
inherit from their parents. Many of a persons abilities, susceptibility 
to disease, and even life span are influenced by heredity. 
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1. Stimulation of the nipple by the 
baby’s suckling initiates aetion 
potentials in sensory 
neurons that eonneet with the 
hypothalamus. 


2. In response, the hypothalamus 
stimulates the posterior 
pituitary to release oxytocin and 
the anterior pituitary to release 
prolaetin. 


Spinal 

eord 


3. Oxytocin stimulates milk release 
from the breast. Prolaetin stimulates 
additional milk production. 
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Proeess Figure 25.22 Hormonal eontrol of Laetation 


ehromosomes 

Deoxyribonucleic (dé-oks'è-rì'bó-noo-klé'ie) aeid (DNA) mole- 
cules and their assoeiated proteins beeome visible as densely stained 
bodies, ealled ehromosomes (kró'mó-sómz, eolored bodies), during 
eell division (see ehapter 3). Somatie (só-mat'ik) eells, all the eells of 
the body except the sex eells, eontain 23 pairs of ehromosomes, or 46 
total ehromosomes. The sex eells, or gametes (gam'ètz), eontain 23 
unpaired ehromosomes. 

A karyotype (kar'è-ò-tlp, karyon, nucleus + typos, model) is a dis- 
play of the ehromosomes in a somatie eell (íigure 23.23). There are 22 
pairs of autosomal (aw-tò-só'màl) ehromosomes, which are all the ehro- 
mosomes but the sex ehromosomes, and there is one pair of sex ehromo- 
somes. A normal female has two X ehromosomes (XX) in eaeh somatie 
eell, whereas a normal male has one X and one Y ehromosome (XY). 

| 

Sex ehromosome Abnormalities 

There is a wide range of sex ehromosome abnormalities. The pres- 
enee of a Y ehromosome makes a person male, and the absenee of a Y 
ehromosome makes a person female, regardless of the number of X 
ehromosomes.The following eombinations, therefore, are female: XO 
(O means a ehromosome is missing) (Turner syndrome), XX, XXX, and 
XXXX. Any eombinations that include a Y are male: XY, XXY, XXXY, and 
XYY. A YO eondition is lethal, because the genes on the X ehromosome 
are neeessary for survival. Seeondary sexual eharaeteristies are some- 
times underdeveloped in both the XXX female and the XXY male 
(ealled Klinefelter syndrome), and additional X ehromosomes (XXXX or 
XXXY) are often assoeiated with some degree of mental retardation. 



Figlire 25.23 Human Karyotype 

The 23 pairs of ehromosomes in humans eonsist of 22 pairs of autosomal 
ehromosomes (numbered 1-22) and 1 pair of sex ehromosomes.The autosomal 
ehromosome pairs are numbered in order from the largest to smallest.This 
karyotype is of a male and has an X and a Y sex ehromosome. A female 
karyotype would have two X ehromosomes. 


Gametes are produced by meiosis (mí-ó'sis, a lessening) (see 
ehapter 24). Meiosis is ealled a reduction division because the num- 
ber of ehromosomes in the gametes is half the number in the somatie 
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eells. When a sperm eell and an ooeyte fuse during fertilization, eaeh 
contributes one-half of the ehromosomes neeessary to produce new 
somatie eells. Half of an individual’s genetie makeup therefore eomes 
from the father, half from the mother. 

During meiosis, the ehromosomes are distributed in such a 
way that eaeh gamete reeeives only one ehromosome from eaeh 
homologoiis (hó-moró-gus) pair of ehromosomes (see ehapter 24). 
Homologous ehromosomes eontain the same eompliment of 
genetie information. The inheritanee of sex illustrates, in part, how 
ehromosomes are distributed during gamete formation and fertil- 
ization. During meiosis and gamete formation, the pair of sex 
ehromosomes separates so that eaeh ooeyte reeeives one of a homol- 
ogous pair of X ehromosomes, whereas eaeh sperm eell reeeives 
either an X ehromosome or a Y ehromosome (figure 25.24). When 
a sperm eell fertilizes an ooeyte to form a single eell, the sex of the 
individual is determined randomly. If the ooeyte is fertilized by a 
sperm eell with a Y ehromosome, a male results; if the ooeyte is 
fertilized by a sperm eell with an X ehromosome, a female results. 
Estimating the probability of any given zygote being male or female 
is much like flipping a eoin. When all the possible eombinations of 
sperm eells with ooeytes are eonsidered, half the individuals should 
be female and the other half should be male. 


Male 


Female 


Meiosis 


Sperm eell 


Meiosis 




X 


Ooeytes 


X 


X 


X 


Sperm 
X eells Y 


XX 

XY 

XX 

XY 


Ooeyte 


50% 

female 

(XX) 


50% 

male 

(XY) 


Figlire 25.24 inheritanee of Sex 

The female produces ooeytes eontaining one X ehromosome, whereas the male 
produces sperm eells with either an X or a Y ehromosome.There are four 
possible eombinations of an ooeyte with a sperm eell, half of which produce 
females and half of which produce males. 


38 What are somatie eells and gametes? 

39 What is a karyotype? Define autosomal ehromosomes and sex 
ehromosomes and state the number of eaeh in humans. 

40 What are homologous ehromosomes? How are they distributed in 
meiosis? 


Genes 

The functional unit of heredity is the gene. Eaeh gene eonsists of a 
eertain portion of a DNA molecule, but not neeessarily a continuous 
streteh of DNA. Eaeh ehromosome eontains thousands of genes. 
Both ehromosomes of a given pair eontain similar, but not neeessar- 
ily identieal, genes. Similar genes on homologous ehromosomes are 
ealled alleles (à-lélz', allelon , reeiproeally). If the two allelie genes are 
identieal, the person is homozygous (hò-mò-zT gus) for the trait 
speeified by that gene. If the two alleles are slightly different, the 
person is heterozygous (het'er-ò-zYgus) for the trait. All the genes in 
one homologous set of 23 ehromosomes in one individual are ealled 
the genome. 




Phenylketonuria 


The importanee of genes is dramatieally illustrated by situations 
in which the alteration of a single gene results in a genetie disorder. 
For example, in phenylketomiria (fen'il-ké'tó-nu'ré-à) (PKU) the 
gene responsible for producing an enzyme that eonverts the amino 
aeid phenylalanine to the amino aeid tyrosine is defeetive. 
Phenylalanine therefore accumulates in the blood and is eventually 
eonverted to harmful substances that ean cause mental retardation. 
Reducing phenylalanine in the diet ean prevent the development of 
mental retardation. 


Through the proeesses of meiosis, gamete formation, and fertil- 
ization the distribution of genes reeeived from eaeh parent is essen- 
tially random. This random distribution is influenced by several 
faetors, however. For example, all of the genes on a given ehromo- 
some are linked; that is, they tend to be inherited as a set rather than 
as individual genes because ehromosomes, not individual genes, seg- 
regate during meiosis. Also during meiosis, however, homologous 
ehromosomes may exchange genetie information by erossing over 
(see “Meiotie Divisions,” p. 771). 

Furthermore, segregation errors ean occur during meiosis. As 
the ehromosomes separate during meiosis, the two members of a 
homologous pair may not segregate. As a result, one of the daughter 
eells reeeives both ehromosome pairs and the other daughter eell 
reeeives none. When the gametes are fertilized, the resulting zygote 
has either 47 ehromosomes or 45 ehromosomes, rather than the 
normal 46. When this eondition results in an abnormal autosomal 
ehromosome number, it is usually, but not always, lethal and is one 
reason for a high rate of early embryo loss. Down syndrome, or 
trisomy 21, in which there are three #21 ehromosomes is one of the 
few autosomal trisomies that is not lethal. In eontrast to autosomal 
trisomies, sex ehromosome trisomies (see “Sex Chromosome 
Abnormalities,” p. 835) are not usually lethal. 
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41 Define gene, ollele, homozygous, heterozygous, and genome. 

42 What effeet do linked genes, erossing over, and segregation errors 
have on the distribution of genes? 


Dominant and Reeessive Genes 

Most human genetie traits are reeognized because defeetive alleles for 
those traits exist in the population. For example, on ehromosome 11 
is a gene that produces an enzyme neeessary for the synthesis of 
melanin, the pigment responsible for skin, hair, and eye eolor (see 
ehapter 5). An abnormal allele, however, produces a defeetive 
enzyme not eapable of eatalyzing one of the steps in melanin synthe- 
sis. If a given person inherits two defeetive alleles, a homozygous 
eondition, the person is unable to produce melanin and therefore 
laeks normal pigment. This eondition is referred to as albinism 
(al'bi-nizm, albo, white) (figure 25.25). 

For many genetie traits, the effeets of one allele for that trait 
ean mask the effeet of another allele for the same trait. For exam- 
ple, a person who is heterozygous for the melanin-producing 
enzyme gene has one normal gene for melanin production and one 
defeetive gene for melanin production. One eopy of the gene and 
its resulting enzymes are enough to make normal melanin. As a 
result, the person who is heterozygous produces melanin and 
appears normal. In this ease, the allele that produces the normal 
enzyme is said to be dominant, whereas the allele producing the 
abnormal enzyme is reeessive. By eonvention, dominant traits are 
indieated by uppercase letters and reeessive traits are indieated by 
lowercase letters. In this example, the letter A designates the 
dominant normal, pigmented eondition, and the letter a the reees- 
sive albino eondition. 

The possible eombinations of dominant and reeessive alleles 
for normal melanin production versus albinism are AA (homozy- 
gous dominant, normal), Aa (heterozygous, normal), and aa 
(homozygous reeessive, albino). The alleles a person has for a given 
trait are ealled the genotype (jen'ò-tlp). The person’s appearanee is 
ealled the phenotype (fè'nò-tlp). A person with the genotype AA 
or Aa would have the phenotype of normal pigmentation, whereas 
a person with the genotype aa would have the phenotype of albi- 
nism. Note that the reeessive trait is expressed only when no allele 



Figure 25.25 Albinism 

Photograph of an albino male vvith his normally pigmented father. 



Figlire 25.26 Polydaetyly 

Polydaetyly, having extra fingers or toes, is determined by a dominant gene. 


for the dominant trait is present. The possible genotypes and phe- 
notypes for albinism are 


Alleles 

Genotype 

Phenotype 

AA 

Homozygous 

Normal pigmentation 


dominant 


Aa 

Heterozygous 

Normal pigmentation 

aa 

Homozygous reeessive 

Albino 


Not all dominant traits are the normal eondition, and not all reees- 
sive traits are abnormal. In many eases, the dominant trait is abnormal. 
For example, a person with polydaetyly (pol-è-dak' ti-lè) has extra fin- 
gers or toes (figure 25.26). One allele for polydaetyly, which results in 
extra fingers or toes, is dominant over the reeessive, normal allele, which 
results in the normal number of fingers or toes. 


Prediet 



Given that polydaetyly is a dominant trait, list all the possible genotypes and 
phenotypes for polydaetyly. Use the letters D and d for the genotypes. 


The inheritanee of dominant and reeessive traits ean be deter- 
mined if the genotypes of the parents are known. For example, if an 
albino person (aa) mates with a heterozygous normal person (Aa), 
the probability is that half of the ehildren will be albino (aa), and 
half will be normal heterozygous earriers (Aa). If two earriers (Aa) 
mate, the probability is that 1/4 will be homozygous dominant 
(AA), 1/4 will be homozygous reeessive (aa), and 1/2 will be hetero- 
zygous (Aa). Such a probability ean be easily determined by the use 
of a table ealled a Punnett square (figure 25.27). A earrier is a 
heterozygous person with an abnormal reeessive gene but with a 
normal phenotype because he or she also has a normal dominant 
allele for that gene. 

43 Define dominant traits and reeessive traits. 

44 What is the differenee betvveen genotype and phenotype? 

45 What is a Pimnett square? 

46 Define earrier. 
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Possible germ eells from 
a normal earrier parent 

(Aa) 


A a 






Possible germ eells 
from a normal 

A 

AA 

Aa 

earrier parent 

(Aa) 

a 

Aa 

aa 






Possible 

eombinations 


Possible outcome in ehildren: 
jAA (normal) : \Aa (normal earrier) : T aa (albino) 


Figlire 25.27 inheritanee of a Reeessive Trait: Albinism 

ln this Punnett square of a mating between two normal earriers, A represents 
the normal pigmented eondition, and a represents the reeessive unpigmented 
eondition. 


Prediet 



If a earrier for albinism mates with a homozygous normal person, what is the 
likelihood that any of their ehildren will be albinos? Explain. 


Multiple Alleles 

Alleles ean exist in many forms, ealled multiple alleles. An individ- 
ual has only two alleles for a given gene, one on eaeh homologous 
ehromosome. At the population level, however, there ean be many 
forms of an allele. 

Differenees in alleles arise by mutation, in which the DNA 
nucleotide sequence is altered. Many alleles are possible in a popula- 
tion because any ehange in the nucleotide sequence of DNA, even of 
one base pair, potentially produces a diíferent allele. A different form 
of an allele is ealled an allelie variant, a mutated allele (gene), or a 
polymorphism (many forms). 

Allelie variants ean result in either no effeet on the phenotype or 
minor to major phenotypie ehanges. Allelie variants ean eneode for 
different sequences of amino aeids in proteins. Reeall from ehapter 2 
that the sequence of amino aeids in a protein affeets the shape of the 
protein, including the protein’s domain (see p. 39), which is the 
functional part of the protein. A mutated allele that causes an amino 
aeid ehange in a protein that does not signifieantly ehange protein 
shape may not affeet the phenotype. The greater the effeet of an 
amino aeid ehange on a protein’s shape, however, the greater the 
effeet on the protein’s function, and the greater the effeet on the phe- 
notype. Millions of allelie variants have been identified. The signifi- 
eanee of most of them is unknown. 

The allelie variant present ean affeet a person’s phenotype. For 
example, PKU is an autosomal reeessive trait with multiple alleles. 
On ehromosome 12 is a gene that eneodes for an enzyme that eon- 
verts the amino aeid phenylalanine to the amino aeid tyrosine. If 
phenylalanine is not eonverted to tyrosine, high levels of phenylala- 
nine ean accumulate, leading to brain eell damage. The more defee- 
tive the enzyme, the greater the accumulation of phenylalanine and 


the greater the damage to the brain, in most eases. Over 400 disease- 
causing allelie variants of the PKU gene are known. The severity of 
PKU depends in part on which two allelie variants are present. The 
less severe of the two alleles determines the severity of the disorder. 
Symptoms of untreated PKU ean vary from profound mental retar- 
dation to nearly normal mental abilities. Thus, even though PKU is 
an autosomal reeessive trait, the expression of the reeessive eondition 
exhibits eonsiderable variability because of multiple alleles. 

47 What are multiple alleles? How ean they affeet phenotype? 


Other Types of Gene Expression 

In some eases, the dominant allele does not eompletely mask the 
effeets of the reeessive allele. This is ealled ineomplete dominanee. 
An example of ineomplete dominanee is siekle-eell disease, in which 
the hemoglobin produced by the gene is abnormal (see ehapter 16). 
The result is siekle-shaped red blood eells, which are likely to stiek in 
eapillaries and tend to rupture more easily than normal red blood 
eells. The normal hemoglobin allele (S) is dominant over the siekle- 
eell allele (j). A normal person ( SS) has normal hemoglobin, and a 
person with siekle-eell anemia (íj) has abnormal hemoglobin. A per- 
son who is heterozygous (Ss) has half normal hemoglobin and half 
abnormal hemoglobin and usually has only a few siekle-shaped red 
blood eells. This eondition is ealled siekle-eell trait. 

In eodominanee, two alleles are expressed so that separate, distin- 
guishable phenotypes occur at the same time. ABO blood types are an 
example of eodominanee. A gene with three alleles on ehromosome 9 
eneodes for enzymes that add sugar molecules to eertain earbohydrates 
found on the smfaee of red blood eells. The earbohydrates are part of 
glyeoproteins, ealled A and B antigens (see ehapter 16). These earbo- 
hydrates eonsist of different sugars joined together. Traditionally, in 
designating alleles for blood type, the A and B alleles are superscripted 
to a eapital letter / and the O allele is designated with the lowercase 
letter i. The I A allele eneodes for an enzyme that adds a particular sugar 
to the ends of the earbohydrate, producing the A antigen. The I B allele 
eneodes for a different enzyme that adds a different sugar to the ends 
of the earbohydrate, producing the B antigen. The i allele eneodes for 
no functional enzyme and therefore is reeessive to A and B. The pos- 
sible genotypes and phenotypes for the ABO blood group are 


Genotype 

I A I A or I A i 
I B I B or I B i 
I A I B 


Phenotype 

Type A blood (A antigen only) 

Type B blood (B antigen only) 

Type AB blood (A and B antigens) 
Type O blood (neither A nor B antigen) 


Type A blood results from the expression of only the I A allele, type B 
blood from the expression of only the I B allele, and type O blood 
from the expression of neither the / A allele nor the I B allele. Type AB 
blood illustrates eodominanee and results from the expression of 
both the I A allele and the I B allele at the same time. 

Many traits, ealled polygenie (pol-è-jen'ik) traits, are deter- 
mined by the expression of multiple genes on different ehromo- 
somes. Examples are a person’s height, intelligenee, eye eolor, and 
skin eolor. Polygenie traits typieally are eharaeterized by having a 
great amount of variability. For example, there are many different 
shades of eye eolor and skin eolor. 
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Multifactorial traits are traits affeeted by various eombinations 
of genes and the environment. In addition to genes, height is affeeted 
by niitrition, and skin eolor by exposure to the sun. Knowledge of 
environmental effeets ean be used to improve our genetie potential 
and to prevent harmful effeets. For example, a healthy diet ean pro- 
mote growth or help prevent diabetes, and not smoking ean reduce 
the risk of developing eaneer. PKU causes damage to the brain 
because of a buildup of phenylalanine. Reducing phenylalanine in 
the diet ean prevent the development of mental retardation. 

48 Define ineomplete dominanee, eodominanee, polygenie traits, and 
multifactorial traits. Give an example of eaeh. 


Sex-Linked Traits 

Traits affeeted by genes on the sex ehromosomes are ealled sex-linked 
traits. Most sex-linked traits are X-linked; that is, they are on the X 
ehromosome. Only a few Y-linked traits exist, however, largely because 
the Y ehromosome is very small. An example of an X-linked trait is 
hemophilia A (elassie hemophilia), in which the person is unable to 
produce one of the elotting faetors (see ehapter 16). Consequently, elot- 
ting is impaired and persistent bleeding ean occur either spontaneously 
or as a result of an injury. Hemophilia A is a reeessive trait and the allele 
for the trait is loeated on the X ehromosome. Traditionally, X-linked 
genes are designated by letters superscripted to the letter X. The possible 
genotypes and phenotypes for hemophilia A are 


Genotype 

X H X H or X H Xh 

X H Y 

Xh Y 


Phenotype 
Normal female 
Hemophiliae female 
Normal male 
Hemophiliae male 


Note that a female must have both reeessive alleles to exhibit hemo- 
philia, whereas a male, because he has only one X ehromosome, has 
hemophilia if he has one reeessive allele. An example of the inheri- 
tanee of hemophilia is illustrated in figure 25.28. If a woman who is 
a earrier for hemophilia mates with a man who does not have hemo- 
philia, none of their daughters but half of their sons will have hemo- 
philia. Half of their daughters will be earriers. 

49 What is a sex-linked trait? 


Prediet 



Prediet the probability of a girl with Turner syndrome (see"Sex Chromosome 
Abnormalities" p. 835) having hemophilia if her mother is a earrier for hemophilia. 


Genetie Disorders 

Genetie disorders are caused by abnormalities in a person’s genetie 
makeup—that is, in his or her DNA (table 25.3). They may involve 
a single gene or an entire ehromosome. Some genetie disorders result 
from a mutation (mu-tà'shun, to ehange), a ehange in a gene that 
usually involves a ehange in the nucleotides eomposing the DNA (see 
ehapter 2). Mutations occur by ehanee or ean be caused by ehemi- 
eals, radiation, or virnses. Onee a mutation has occurred, the abnor- 
mal trait ean be passed from one generation to the next. 


Possible germ eells from 
a normal male parent 



Possible germ eells 
from a earrier female 
parent 





Possible 

eombinations 


Possible outcome in ehildren: 
j X H X H (normal female) : \x H X h (earrier female) : 

j X h Y (normal male) : jX h Y (male with hemophilia) 


Figlire 25.28 inheritanee of an X-Linked Trait: 

Hemophilia 

X H represents the normal X ehromosome eondition with all elotting faetors, and 
X h represents the X ehromosome laeking an allele for one elotting faetor. The 
figure shows a Punnett square of a mating between a normal male and a 
normal earrier female. 


Cancer is a tumor resulting from uncontrolled eell divisions. 
Oneogenes (ong'kò-jènz) are genes assoeiated with eaneer. Many 
oneogenes are actually eontrol genes involved in regulating eell divi- 
sion and differentiation in the embryo and fetus. A ehange in an 
oneogene or in the regulation of an oneogene ean result in uncon- 
trolled eell division and the development of cancerous tumors. The 
normal eontrol of oneogenes involves other genes, ealled tumor- 
suppressor genes. Cancer ean occur when a mutation aetivates an 
oneogene or inaetivates a tumor-suppressor gene. An accumulation 
of several mutations is neeessary for eaneer to occur. It is believed 
that exposure to ionizing radiation or to eertain ehemieals ealled 
eareinogens (kar-sin'ò-jenz) ean induce such mutations and thereby 
initiate the development of eaneer. For example, ehemieals in eiga- 
rette smoke are known to cause lung eaneer. 

A ehange in eells that results in eaneer is not usually inherited. 
Nonetheless, there may be a genetie basis that allows eaneer devel- 
opment, espeeially under the right environmental eonditions. In 
this sense, the inheritanee of eaneer and other abnormalities has 
been deseribed as genetie susceptibility, or genetie predisposi- 
tion. For example, if a womans elose relatives, such as her mother 
or sister, have breast eaneer, she has a greater than average risk of 
developing it herself. Similar genetie susceptibilities have been 
found for diabetes mellitus, sehizophrenia, and other disorders. 

50 What is a rrmtation? 

51 Deseribe the role of oneogenes and tumor-suppressor genes in eaneer. 

52 What is genetie susceptibility? 


Genetie eoimseling 

Genetie counseling includes predieting the possible results of mat- 
ings involving earriers of harmful genes and talking to parents or 
prospeetive parents about the possible outcomes and treatments of a 
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Relevanee 


The Human Genome Projeet 


The human genome eonsists of all 
the genes found in one homologous set of 
human ehromosomes. It is estimated that 
humans have 25,000-30,000 genes. 
genomie map is a deseription of the DNA 
nucleotide sequences of the genes and 


their loeations 


ehromosomes 


(figure C). Celera, a private eorporation 


vvorking on the Human Genome Projeet, 

announced on February 12, 2001, that it 
had eompleted sequencing 99% of the 
genome. Online Mendelian inheritanee in 
Man (OMIM) is a database that eontains 
information about many human genes 
and genetie disorders (www.ncbi.nlm.nih. 
gov/omim). 


Armed with a knowledge of the human 
genome and its effeets on a person's physieal, 
mental, and behavioral abilities, medieine and 
soeiety will be transformed in many ways. 
Medieine, for example, will shift emphasis 
from the curative to the preventive.The disor- 
ders or diseases a person is likely to develop 
ean be prevented or their severity lessened. 




\: 
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Ohromosome Pairs 



1. a. Gaucher disease 
b. Prostate eaneer 
e. Glaucoma 

d. Alzheimer disease* 

2. a. Familial eolon eaneer* 
b. Waardenburg syndrome 

3. a. Lung eaneer 

b. Retinitis pigmentosa* 

4. a. Huntington ehorea 
b. Parkinson disease 

5. a. Cockayne syndrome 

b. Familial polyposis of the 
eolon 

e. Asthma 

6. a. Spinoeerebellar ataxia 
b. Diabetes* 

e. Epilepsy* 


7. a. Diabetes* 

b. Osteogenesis imperfeeta 
e. Cystic fibrosis 

d. Obesity* 

8. a. Werner syndrome 
b. Burkitt lymphoma 

9. a. Malignant melanoma 
b. Friedreieh ataxia 

e. Tuberous selerosis 

10. a. Multiple endoerine neoplasia, 

type 2 

b. Gyrate atrophy 

11. a. Siekle-eell disease 

b. Multiple endoerine neoplasia 

12. a. Zellvveger syndrome 

b. Phenylketonuria (PKLI) 


13. a. Breast eaneer* 
b. Retinoblastoma 
e. Wilson disease 

14. a. Alzheimer disease* 

15. a. Marfan syndrome 
b. Tay-Saehs disease 

16. a. Polyeystie kidney disease 
b. Crohn disease* 

17. a. Tumor-suppressor protein 
b. Breast eaneer* 
e. Osteogenesis imperfeeta 

18. a. Amyloidosis 
b. Panereatie eaneer* 

19 a. Familial hypereholesterolemia 
b. Myotonie dystrophy 


20. a. Severe eombined 

immunodeficiency 

21. a. Amyotrophie lateral selerosis 

22. a. DiGeorge syndrome 

b. Neurofibromatosis, type 2 
X a. Duchenne muscular 

dystrophy 

b. Menkes syndrome 
e. X-linked severe eombined 
immunodeficiency 
d. Faetor VIII defieieney 
(hemophilia A) 


Gene responsible for only some eases. 


Figure C Human Genomie Map 

Representative genetie defeets mapped to date.The bars and lines indieate the loeation of the genes listed for eaeh ehromosome. 
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When prevention is not possible, knovvledge 
of the enzymes or other molecules involved in 
a disorder may result in new drugs and teeh- 
niques that ean eompensate for the genetie 
disorder. Knowledge of the genes involved in 
a disorder may result in gene therapy, or 
genetie engineering, that repairs or replaees 
defeetive genes, resulting in cures of ortreat- 
ments for genetie disorders. 

Despite the great promise of benefìts 
from the Human Genome Projeet, the knowl- 


edge produced has raised a number of ethi- 
eal and legal questions for soeiety. Should a 
person's genomie information be public 
knowledge? Should persons with a genome 
that predisposes them to eaneer or behav- 
ioral disorders be barred from eertain types 
of employment or be refused medieal insur- 
anee because they are a high risk? Can a per- 
son demand to know a prospeetive mate's 
genome? Should parents know the genome 
of their fetus and be allowed to make deei- 


sions regarding abortion based on this 
knowledge? Should the same genetie- 
engineering techniques that provide altera- 
tion of the genome to cure genetie disorders 
be used to ereate genomes that are deemed 
to be superior? Such questions raise the 
speeter of genetie diserimination. 



ANATOMY & PHYSIOLOGY 



Table 25.3 


Genetie Disorders 


Disorder 


Deseription 


Dominant Traits 

Aehondroplasia 
Huntington disease 


Hypereholesterolemia 
Marfan syndrome 
Neurofibromatosis 


Osteogenesis imperfeeta 


Dwarfism eharaeterized by shortening of the upper and lower limbs 

Severe degeneration of the basal nuclei and frontal eerebral cortex; eharaeterized by purposeless movements and 
mental deterioration; onset is usually between 40 and 50 years of age 

Elevated blood eholesterol levels that contribute to atheroselerosis and cardiovascular disease 

Abnormal eonneetive tissue, resulting in inereased height, elongated digits, and weakness in the aortie wall 

Small, pigmented lesions (café-au-lait spots) in the skin and disfiguring tumors (noncancerous) caused by the 
proliferation of Schwann eells along nerves 

Abnormal eollagen synthesis, resulting in brittle bones that break repeatedly 


Reeessive Traits 

Albinism 
Cystic fibrosis 


Phenylketonuria 


Severe eombined 
immune defieieney 

Siekle-eell disease 

Tay-Saehs disease 


Thalassemia 


Sex-Linked Traits 

Duchenne muscular 
dystrophy 

Hemophilia 

Red-green eolor blindness 


ehromosomal Disorders 

Down syndrome 
Klinefelter syndrome 


Turner syndrome 


Laek of an enzyme neeessary to produce the pigment melanin; eharaeterized by laek of eoloration in skin, hair, and eyes 

Impaired transport of ehloride ions aeross plasma membranes; results in excessive production of thiek mucus, 
which bloeks the respiratory and gastrointestinal traet; the most eommon fatal genetie disorder 

Laek of the enzyme neeessary to eonvert the amino aeid phenylalanine to the amino aeid tyrosine; an accumulation 
of phenylalanine leads to mental retardation 

Inability to form the white blood eells (B eells,T eells, and phagoeytes) neeessary for an immune system response 


Inability to produce normal hemoglobin, results in abnormally shaped red blood eells that elog eapillaries or rupture 

Laek of the enzyme neeessary to break down eertain fatty substances; an accumulation of fatty substances impairs 
aetion potential propagation, resulting in deterioration of mental and physieal functions and death by 3-4 years of age 

Deereased rate of hemoglobin synthesis, results in anemia, enlarged spleen, inereased eell numbers in 
red bone marrow, and eongestive heart failure 


Deletion or alteration of part of the X ehromosome, results in progressive weakness and wasting of muscles 


Most eommonly, failure to produce blood elotting faetors, caused by a reeessive gene, results in prolonged bleeding 

Most eommonly, defieieney in functional green-sensitive eones, caused by a reeessive gene; inability to distinguish 
between red and green eolors 


Caused by having three ehromosomes 21, results in mental retardation, short stature, and poor muscle tone 

Caused by two or more X ehromosomes in a male (XXY), results in small testes, sterility, and development of 
femalelike breasts 

Caused by having only one X ehromosome, results in immature uterus, laek of ovaries, and short stature 
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genetie disorder. With this knowledge, prospeetive parents ean make 
informed deeisions about having ehildren. 

A first step in genetie counseling is to attempt to determine the 
genotype of the individuals involved. A family tree, or pedigree, pro- 
vides historieal information about family members (figure 25.29)— 
for example, in the ease of a dominant trait, such as Huntington 
ehorea, a neurological disorder. Sometimes by knowing the pheno- 
types of relatives it is possible to determine a person’s genotype. As 
part of the proeess of eolleeting information, a karyotype ean be 
prepared. For some genetie disorders, the amount of a given sub- 
stanee, such as an enzyme, produced by a earrier ean be tested. For 
example, earriers for eystie fibrosis produce more salt in their sweat 
than is normal. 

Sometimes, it is suspected that a fetus has a genetie abnormality. 
Fetal eells ean be tested by amnioeentesis, which takes eells floating 
in the amniotie fluid, or ehorionie villus sampling, which takes eells 
from the fetal side of the plaeenta (see ehapter 24). 

53 How are pedigrees, karyotypes, ehemieal tests, amnioeentesis, and 
ehorionie villus sampling used in genetie counseling? 



Figure 25.29 Pedigree of a Simple Dominant Trait 

Males are indieated by squares, females by eireles. Affeeted people are 
indieated in purple. The horizontal line between symbols represents a mating. 
The symbols eonneeted to the mating line by vertieal and horizontal lines 
represent the ehildren resulting from the mating in order of birth from left to 
right. Matings not related to the pedigree are not shown. 


Summary 


25.1 Prenatal Development <p. so9> 

1. Prenatal development is divided into three parts: formation of the 
germ layers, formation of the organ systems, and growth and 
mamration. 

2. The developing human from fertilization to the end of the eighth week 
of development is ealled an embryo. From 8 weeks to birth, the 
developing human is ealled a fetus. 

3. Developmental age is 14 days less than elinieal age. 

Fertilization 

1. Fertilization, the union of the seeondary ooeyte and sperm eell, results 
in a zygote. 

2. A sperm eell must pass through the eorona radiata, zona pellucida, and 
ooeyte plasma membrane for fertilization to occur. 

3. Only one sperm eell enters a seeondary ooeyte because of ehanges in 
the plasma membrane and zona pellucida. 

4. Fusion of the male and female pronuclei produces a diploid nucleus. 

Early Cell Division 

1. In the very early stages of development the eells are totipotent, 
meaning eaeh eell ean give rise to any tissue neeessary for 
development. 

2. The eells of the early embryo are pluripotent (eapable of making any 
eell of the body). 

3. The product of fertilization undergoes divisions until it beeomes a mass 
of eells, ealled a morula, and then a hollow ball of eells, ealled a 
blastoeyst. 

■ The trophoblast and some inner eell mass eells give rise to 
extraembryonic tissues, such as the plaeenta. 

■ Some inner eell mass eells give rise to the embryonie disk. 


implantation of the Blastoeyst and Development 
of the Plaeenta 

1. Implantation is the burrowing of the blastoeyst into the uterine wall 
about 7 days after fertilization. 

■ The syneytiotrophoblast, eytotrophoblast, and extraembryonic 
mesenehyme form the ehorion (with ehorionie villi), which is the 
embryonie part of the plaeenta. 

■ The endometrium forms the maternal part of the plaeenta. 

■ Maternal and fetal blood do not mix, but exchange of gases, 
nutrients, and waste products occurs through the ehorion. 

2. The ehorion produces hCG, which stimulates the corpus luteum to 
produce progesterone and estrogen. 

Formation of the Germ Layers 

1. The amniotie eavity and yolk sae form in the inner eell mass. 

2. The embryonie disk, eonsisting of the epiblast and hypoblast, is 
between the amniotie eavity and yolk sae. 

■ The epiblast gives rise to the embryo. 

■ The hypoblast gives rise to extraembryonic tissue. 

3. Gastmlation is the proeess by which the two-layered embryonie disk 
gives rise to eetoderm, mesoderm, and endoderm, the three germ layers 
from which all the tissues of the body are derived. 

Neural Tube and Neural erest Formation 

The nervous system develops from a neural tube that forms in the 
eetodermal surface of the embryo and from neural erest eells derived from 
the developing neural tube. 

Somite Formation 

Segments, ealled somites, that develop along the neural tube give rise to the 
musculature, vertebral column, and ribs. 
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Formation of the Gut and Body eavities 

1. The gastrointestinal traet develops as the developing embryo eloses ofF 
part of the yolk sae. 

2. The eoelom develops from small eavities that fuse within the embryo. 

Limb Bud Development 

The limbs develop from proximal to distal as outgrowths ealled limb buds. 

Development of the Faee 

The faee develops from the fusion of five major tissue proeesses. 

Development of the Organ Systems 

1. The skin develops from the eetoderm (epithelium), mesoderm and 
neural erest (dermis), and neural erest (melanoeytes). 

2. The skeletal system develops from mesoderm or neural erest eells. 

3. Muscle develops from myoblasts, which migrate from somites or 
somitomeres. 

4. The brain and spinal eord develop from the neural tube, and the peripheral 
nervous system develops from the neural tube and the neural erest eells. 

3. The speeial senses develop mainly as neural tube or neural erest eell 
derivatives. 

6. Many endoerine organs develop mainly as evaginations of the brain or 
digestive traet. 

7. The heart develops as two tubes fuse into a single tube, which bends 
and develops septa to form four ehambers. 

8. The peripheral circulation develops from mesoderm as blood islands 
beeome hollow and fuse to form a network. 

9. The lungs form as evaginations of the digestive traet. These evaginations 
undergo repeated branehing. 

10. The urinary system develops in three stages—pronephros, mesonephros, 
and metanephros—from the head to the tail of the embryo. The ducts join 
the allantois, part of which beeomes the urinary bladder. 

11. The reproductive system develops in conjunction with the urinary 
system. The presenee or absenee of eertain hormones is very important 
to sexual development. 

Grovvth of the Fetus 

1. The embryo beeomes a fetus at 60 days. 

2. The fetal period is from day 60 to birth. It is a time of rapid growth. 

25.2 Labor (p. 829) 

1. The total length of gestation is 280 days (elinieal age). 

2. Uterine eontraetions foree the baby out of the uterus during labor. 

3. inereased estrogen levels and deereased progesterone levels help 
initiate labor. 

4. Fetal glucocorticoids aet on the plaeenta to deerease progesterone 
synthesis and to inerease estrogen and prostaglandin synthesis. 

3. Streteh of the uterus and deereased progesterone levels stimulate 
oxytocin seeretion, which stimulates uterine eontraetion. 

25.3 The Nevvborn (p. S3i> 

Respiratory and Circulatory ehanges 

1. The foramen ovale eloses, separating the two atria. 

2. The ductus arteriosus eloses and beeomes the ligamentum arteriosum. 
Blood no longer flows between the pulmonary trunk and the aorta. 

3. The ductus venosus eloses and beeomes the ligamenmm venosum. 
Blood no longer bypasses the liver. 

4. The umbilical vein eloses and beeomes the round ligament of the liver. 

5. The umbilical arteries beeome the eords of the umbilical arteries. 

Digestive ehanges 

1. Meconium is a mixture of eells from the digestive traet, amniotie fluid, 
bile, and mucus excreted by the newborn. 


2. The stomaeh begins to seerete aeid. 

3. The liver does not form adult bilirubin for the first 2 weeks. 

4. Laetose ean be digested, but other foods must be gradually 
introduced. 

eongenital Disorders 

1. Congenital disorders are abnormalities present at birth. 

2. Teratogens are environmental agents that cause some eongenital 
disorders. 

25.4 Laetation (p. 834) 

1. Estrogen, progesterone, and other hormones stimulate the growth of 
the breasts during pregnaney. 

2. Suckling stimulates prolaetin and oxytocin synthesis. Prolaetin 
stimulates milk production, and oxytocin stimulates milk letdown. 

25.5 Geneties (p. 834 ) 

ehromosomes 

1. Fhimans have 46 ehromosomes in 23 pairs (homologous ehromosomes). 

2. Males have the sex ehromosomes XY and females have XX. 

3. During gamete formation, the ehromosomes of eaeh pair of 
homologous ehromosomes separate; therefore, half of a person’s genetie 
makeup eomes from the father and half from the mother. 

Genes 

1. Genes are the fimetional units of heredity. Similar genes on 
homologous ehromosomes are alleles. 

■ A person is homozygous for a trait if he or she has two identieal 
alleles for the trait. 

■ A person is heterozygous for a trait if he or she has two different 
alleles for the trait. 

2. The random distribution of genes is altered by linkage, erossover, and 
segregation errors. 

3. Dominant genes mask the effeets of reeessive genes. 

4. Genotype is a person’s genetie makeup and phenotype is a person’s 
appearanee. 

5. Punnett squares determine the probable genotypes of offspring. 

6. A earrier is a person with a normal phenotype but is heterozygous for 
an abnormal reeessive gene. 

7. Multiple alleles are different forms of a gene. 

8. In ineomplete dominanee, the heterozygote expresses a trait that is 
intermediate between the two homozygous traits. 

9. In eodominanee, neither gene is dominant or reeessive, but both are 
fitlly expressed. 

10. Polygenie traits result from the expression of multiple genes. 

11. Multifactorial traits are traits affeeted by various eombinations of genes 
and the environment. 

12. Sex-linked traits result from genes on the sex ehromosomes. 

Genetie Disorders 

1. A mutation is a ehange in the DNA. 

2. Some genetie disorders result from an abnormal distribution of 
ehromosomes during gamete formation. 

3. Oneogenes and tumor-suppressor genes are assoeiated with eaneer. 

4. Genetie predisposition makes it more likely a person will develop 
a disorder. 

Genetie Counseling 

1. A pedigree (family history) ean be used to determine the risk of having 
ehildren with a genetie disorder. 

2. A persons karyotype, ehemieal test, amnioeentesis, and ehorionie villi 
sampling ean be used to determine a person’s genotype. 
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Review and eomprehension 


25.1 Prenatal Development <p. so9> 

1. The major development of organ systems takes plaee in the 

a. first 2 weeks of development. 

b. third to eighth week of development. 

e. ninth to twentieth week of development. 

d. last 30 weeks of development. 

2. Given these structures: 

1. blastoeyst 2. mornla 3. zygote 

Choose the arrangement that lists the structures in the order in which 

they are formed during development. 

a. 1,2,3 b. 1,3,2 e. 2,3,1 d. 3,1,2 e. 3,2,1 

3. The embryonie disk develops from the 

a. inner eell mass. e. blastoeyst eavity. 

b. trophoblast. d. yolk sae. 

4. The plaeenta 

a. develops from the trophoblast. 

b. allows maternal blood to mix with embryonie blood. 

e. invades the lacunae of the embryo. 

d. all of the above. 

3. The embryonie disk 

a. forms between the amniotie eavity and the yolk sae. 

b. eontains the primitive streak. 

e. beeomes a three-layered structure. 

d. all of the above. 

6. The brain develops from 

a. eetoderm. b. endoderm. e. mesoderm. 

7. Most of the skeletal system develops from 

a. eetoderm. b. endoderm. e. mesoderm. 

8. Given these structures: 

1. neural erest 2. neural plate 3. neural tube 

Choose the arrangement that lists the structure in the order in which 
they form during development. 

a. 1,2,3 b. 1,3,2 e. 2,1,3 d. 2,3,1 e. 3,2,1 

9. The somites give rise to the 

a. circulatory system. e. lungs. e. brain. 

b. skeletal muscle. d. kidneys. 

10. The perieardial eavity forms from 

a. evagination of the early gastrointestinal traet. 

b. the neural tube. 

e. the eoelom. 

d. the pharyngeal arehes. 

e. pharyngeal pouches. 

11. The parts of the limbs develop 

a. in a proximal-to-distal sequence. 

b. in a distal-to-proximal sequence. 
e. at approximately the same time. 

d. before the primitive streak is formed. 

12. Concerning development of the faee, 

a. the faee develops by the fusion of five embryonie structures. 

b. the maxillary proeesses normally meet at the midline to form 
the lip. 

e. the primary palate starts as two vertieal shelves that join to form the 
roof of the mouth. 

d. elefts of the seeondary palate normally occur to one side of the 
midline. 


13. Concerning the development of the heart, 

a. the heart develops from a single tube, which results from the fusion 
of two tubes. 

b. the SA node develops in the wall of the sinus venosus. 

e. the foramen ovale lets blood flow from the right atrium to the 
left atrium. 

d. the bulbus eordis is absorbed into the ventriele. 

e. all of the above. 

14. Given these structures: 

1. mesonephros 

2. metanephros 

3. pronephros 

Choose the arrangement that lists the structures in the order in which 
they form during development. 

a. 1,2,3 e. 2,3,1 e. 3,2,1 

b. 1,3,2 d. 3,1,2 

13. A study of the early embryo indieates that the glans penis of the male 
develops from the same embryonie structure as which of these female 
structures? 

a. labia majora e. elitoris e. urinary bladder 

b. uterus d. vagina 

16. Which hormone causes the differentiation of sex organs in the 
developing male fetus? 

a. FSH 

b. LH 

e. testosterone 

d. estrogen and progesterone 

e. GnRH 

25.2 Labor (p. 829) 

17. The onset of labor may be a result of 

a. inereased estrogen seeretion by the plaeenta. 

b. inereased glucocorticoid seeretion by the fetus. 
e. inereased seeretion of oxytocin. 

d. streteh of the uterus. 

e. all of the above. 

25.3 The Nevvborn <p. 83D 

18. Following birth, 

a. the ductus arteriosus eloses. 

b. the pH of the stomaeh inereases. 

e. the fossa ovalis beeomes the foramen ovale. 

d. blood flow through the pulmonary arteries deereases. 

e. all of the above. 

25.4 Laetation (p.834) 

19. The hormone involved in milk production is 

a. oxytocin. e. estrogen. e. ACTH. 

b. prolaetin. d. progesterone. 

20. Which of these most appropriately prediets the consequences of 
removing the sensory neurons from the areola of a laetating rat 
(or human)? 

a. Blood levels of oxytocin deerease. 

b. Blood levels of prolaetin deerease. 

e. Milk production and letdown deerease. 
d. All of the above occur. 
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25.5 Geneties (p. 834) 

21. A gene is 

a. the fimetional unit of heredity. 

b. a eertain portion of a DNA molecule. 
e. a part of a ehromosome. 

d. all of the above. 

22. Which of these terms is eorreetly matehed with its definition? 

a. autosome—an X or a Y ehromosome 

b. phenotype—the genetie makeup of an individual 

e. allele—similar genes on homologous ehromosomes 

d. heterozygous—having two identieal genes for a trait 

e. reeessive—a trait expressed when the genes are heterozygous 

23. Which of these genotypes is heterozygous? 

a. DD e. dd 

b. Dd d. both a and e 


eritieal Thinking 

1. Triploidy is the presenee of three sets of ehromosomes in a eell. Though 
rare, triploidy does occur in humans. What failures during fertilization 
could lead to triploidy? 

2. A woman is told by her physieian that she is pregnant and that she 
is 44 days past her LMP. Approximately how many days has the 
embryo been developing, and what developmental events are occurring? 

3. A high fever ean prevent neural tube closure. If a woman has a high 
fever approximately 33-43 days after her LMP, what kinds of birth 
defeets may be seen in the developing embryo? 

4. If the limb bud is damaged during embryonie development when the 
limb bud is about one-half grown, what kinds of birth defeets might be 
expected? Deseribe the anatomy of the affeeted structure. 

5. What are the results of exposing a female embryo to high levels of 
testosterone while she is developing? 

6. A woman goes into labor during the thirtieth week of her pregnaney. 
What would be the effeet of administering progesterone at this stage? 


24. The ABO blood group is an example of 

a. dominant versus reeessive alleles. 

b. ineomplete dominanee. 
e. eodominanee. 

d. a polygenie trait. 

e. sex-linked inheritanee. 

25. Assume that a trait is determined by an X-linked dominant gene. If the 
mother exhibits the trait, but the father does not, then their 

a. sons are more likely than their daughters to exhibit the trait. 

b. daughters are more likely than their sons to exhibit the trait. 
e. sons and daughters are equally likely to exhibit the trait. 

Answers in Appendix E 


7. When a woman nurses, milk letdown ean occur in the breast that is not 
being suckled. Explain how this response happens. 

8. Dimpled eheeks are inherited as a dominant trait. Is it possible for two 
parents, eaeh of whom has dimpled eheeks, to have a ehild without 
dimpled eheeks? Explain. 

9. The ability to roll the tongue to form a “tube” results from a dominant 
gene. Suppose that a woman and her son ean both roll their tongues, 
but her husband eannot. Is it possible to determine if the husband is 
the father of her son? 

10. The ABO antigens are a group of molecules found on the surface of red 
blood eells. Can an individual who has blood type AB be a parent of a 
ehild with blood type O? Why or why not? 

11. A woman who does not have hemophilia marries a man who has the 
disorder. Determine the genotype of both parents if half of their 
ehildren have hemophilia. 

Answers in Appendix F 
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The 1-18 group designation has been reeommended 

Eaeh element of the periodie table has a box that 
eontains the name of the element and its ehemieal 
symbol, atomie number, and atomie mass. The 
atomie number is the number of protons in an 
element. Eaeh element has a unique number of 
protons and therefore a unique atomie number. 

There are 90 naturally occurring elements. 
Seientists have been able to ereate new elements 
by ehanging the number of protons in the nuclei 
of existing elements. Protons, neutrons, or elee- 
trons from one atom are aeeelerated to very high 
speeds and then smashed into the nucleus of 
another atom. The resulting ehanges in the 
nucleus produce a new element with a new 
atomie number. These artifieially produced 
elements are usually unstable, and they quickly 
eonvert baek to more stable elements. The synthetie 
elements are teehnetimn (Tc, atomie number 43), 
promethimn (Pm, atomie number 61), and all the 


by the International Union of Pure and Applied Chemistry (IU1 

elements with an atomie number of 93 or higher. 
An element with an atomie number of 112 has 
the highest number offieially reeognized by the 
International Union of Pure and Applied 
Chemistry, but elements with higher atomie 
numbers have reportedly been made. 

The modern periodie table of the elements lists 
the known elements in order of their atomie masses. 
The boxes are organized into a grid of horizontal 
rows, ealled periods, and vertieal columns, ealled 
groups. Within a period, the elements are listed in 
order of inereasing atomie number from left to 
right. Elements in a period have different ehemieal 
properties, whereas elements in a group have similar 
ehemieal properties. 

Individual atoms have very little mass. A 
hydrogen atom has a mass of 1.67 X 10~ 24 g (see 
appendix B for an explanation of the seientifie 
notation of numbers). To avoid using such small 


but is not yet in wide use. 

numbers, a system of relative atomie mass is used. 
In this system, a imified atomie mass unit (u), or 
dalton (Da), is 1/12 the mass of 12C, a earbon 
atom with six protons and six neutrons. Thus, 12 C 
has an atomie mass of exactly 12 u. A naturally 
occurring sample of earbon, however, eontains 
mostly 12 C but also a small quantity of other 
earbon isotopes, such as 13 C, which has six pro- 
tons and seven neutrons. The atomie mass of an 
element is the average mass of its naturally occur- 
ring isotopes, taking into account the relative 
abundance of eaeh isotope. For example, the 
atomie mass of the element earbon is 12.01 u (see 
table 2.1), which is slightly more than 12 u 
because of the additional mass of the small 
amount of other earbon isotopes. Because the 
atomie mass is an average, a sample of earbon ean 
be treated as if all the earbon atoms had an atomie 
mass of 12.01 u. 




































































Seientifie Notation 



Very large numbers with many zeros, such as 
1,000,000,000,000,000, or very small numbers, 
such as 0.0000000000000001, are very cumber- 
some to work with. Consequently, the numbers 
are expressed in a kind of mathematieal shorthand 
known as seientifie notation. Seientifie notation 
has the following form: 

M X 10” 

where n speeifies how many times the number M 
is raised to the power of 10. The exponent n has 
two meanings, depending on its sign. If n is posi- 
tive, M is multiplied by 10 n times. For example, 
if n = 2 and M = 1.2, then 

1.2 X 10 2 = 1.2 X 10 X 10 = 120 

In other words, if n is positive, the deeimal point 
of M is moved to the right n times. In this ease 


the deeimal point of 1.2 is moved two plaees to 
the right. 

1 . 20 . 

If n is negative, M is divided by 10 n times. 

1.2 X 10 -2 = -———- = — = 0.012 

(10 X 10) 100 

In other words, if n is negative, the deeimal 
point of M is moved to the left n times. In this 
ease, the deeimal point of 1.2 is moved two 
plaees to the left. 

0.0L2 

If M is the number 1.0, it often is not expressed 
in seientifie notation. For example, 1.0 X 10 2 is 


the same thing as 10 2 , and 1.0 X 10 -2 is the same 
thing as 10~ 2 . 

Two eommon examples of the use of seien- 
tifie notation in ehemistry are Avogadro’s number 
and pH. Avogadro’s number, 6.023 X 10 23 , is the 
number of atoms in 1 molar mass of an element. 
Thus, 

6.023 X 10 23 = 602,300,000,000,000,000,000,000 

which is a very large number of atoms. 

The pH seale is a measure of the eoneentra- 
tion of hydrogen ions in a solution. A neutral 
solution has 10 -7 moles of hydrogen ions per 
liter. In other words, 

10" 7 = 0.0000001 

which is a very small amount (1 ten-millionth of 
a gram) of hydrogen ions. 
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Soliition eoneentrations 


Physiologists often express solution eoneentration 
in terms of pereent, molarity, molality, and 
equivalents. 

Pereent 

The weight-volume method of expressing pereent 
eoneentrations states the weight of a solute in a 
given volume of solvent. For example, to prepare a 
10% sohition of sodium ehloride, 10 g of sodium 
ehloride is dissolved in a small amount of water 
(solvent) to form a salt solution. Then additional 
water is added to the salt solution to form 100 mL 
of salt solution. Note that the sodium ehloride is 
dissolved in water and then diluted to the required 
volume. The sodium ehloride is not dissolved 
direetly in 100 mL of water. 

Molarity 

Molarity determines the number of moles of solute 
dissolved in a given volume of solvent. A mole (mol) 
of a substance eontains Avogadros number of enti- 
ties, such as atoms, ions, or molearles. Avogadro’s 
number is the number of atoms in exactly 12 g 
of 12 C (earbon atoms with six protons and six neu- 
trons). This enormous number is 6.022 X 10 23 . The 
molar mass of a substance is the mass of one mole of 
the substance expressed in grams. Because 12 g of 
12 C is used as the standard, the atomie mass of an 
entity expressed in tmified atomie mass units (see 
appendix A) is the same as the molar mass expressed 
in grams. Thus, earbon atoms have an atomie mass of 
12.01 u, and 12.01 g of earbon have Avogadro’s 
number (1 mol) of earbon atoms. 

Just as a groeer sells eggs in lots of 12 
(a dozen), a ehemist groups atoms in lots of 
6.022 X 10 23 (Avogadro’s number, 1 mol). The 
molar mass is used as a eonvenient way to deter- 
mine the number of atoms in a sample of an ele- 
ment. For example, 1.008 g of hydrogen (1 mol) 
has the same number of atoms as 12.01 g of 
earbon (1 mol). 


A 1 molar (1 m) solution is made by dissolv- 
ing 1 mole (mol) of a substance in enough water 
to make 1 L of solution. For example, 1 mol of 
sodium ehloride solution is made by dissolving 
58.44 g of sodium ehloride in enough water to 
make 1 L of solution. One mol of glucose solution 
is made by dissolving 180.2 g of glucose in enough 
water to make 1 L of solution. 

Molality 

Although 1 m solutions have the same number of 
solute molecules, they do not have the same num- 
ber of solvent (water) molecules. Because 58.5 g of 
sodium ehloride occupies less volume than 180 g 
of glucose, the sodium ehloride solution has more 
water molecules. Molality is a method of calculat- 
ing eoneentrations that takes into account the 
number of solute and solvent molecules. A 1 molal 
solution (1 ni) is 1 mol of a substance dissolved in 
1 kg of water. Thus, all 1-molal solutions have the 
same number of solvent molecules. 

Osmolality 

Osmosis is the movement of water aeross a selee- 
tively permeable membrane. Osmosis is deter- 
mined by the eoneentration of solute partieles in 
a solution, where a partiele ean be an atom, an 
ion, a molecule, or any eombination of atoms, 
ions, or molecules (see ehapter 3). That is, the 
number of solute partieles, not the kind, deter- 
mines the movement of water by osmosis. When 
sodium ehloride, which is an ionie compound, is 
dissolved in water, it dissoeiates to form two ions, 
a sodium eation (Na + ) and a ehloride anion (CL). 
Glucose does not dissoeiate when dissolved in 
water, however, because it is a molecule. Thus, the 
sodium ehloride solution eontains twice as many 
partieles as the glucose solution (one Na + and one 
CL for eaeh glucose molecule). To report the 
eoneentration of these substances in a way that 
refleets the number of partieles in a given mass of 


solvent, the eoneept of osmolality is used. An 
osmole (Osm) is the molality of a solution eor- 
reeted for the degree of dissoeiation of the solute. 
Thus, 1 mol of sodium ehloride in 1 kg of water 
is a 2 Osm sohition because sodium ehloride dis- 
soeiates to form two ions, whereas 1 mol of glu- 
eose in 1 kg of water is a 1 Osm solution. 

The osmolality of a solution is a refleetion of 
the number, not the type, of partieles in a solu- 
tion. Thus, a 1 Osm solution eontains 1 Osm of 
partieles per kilogram of solvent, but the partieles 
may be all one type or a complex mixture of dif- 
ferent types. The kind of solute, however, affeets 
the number of solute partieles because the disso- 
eiation of solutes ean vary between 0 (e.g., glu- 
eose) and 1.0 (e.g., NaCl). 

The eoneentration of partieles in body fluids 
is so low that the measurement milliosmole 
(mOsm), 1/1000 of an osmole, is used. Most 
body fluids have an osmotie eoneentration of 
approximately 300 mOsm and eonsist of many 
different ions and molecules. The osmotie eon- 
eentration of body fluids is important because it 
influences the movement of water into or out of 
eells (see ehapter 3). 

Equivalents 

Equivalents are a measure of the eoneentrations of 
ionized substances. One equivalent (Eq) is 1 mol of 
an ionized substance multiplied by the absolute 
value of its eharge. For example, 1 mol of NaCl dis- 
soeiates into 1 mol of Na + and 1 mol of CL. Thus, 
there is 1 Eq of Na + (1 mol X 1) and 1 Eq of CL (1 
mol X 1). One mole of CaCl 2 dissoeiates into 
1 mol of Ca 2+ and 2 mol of CL. Thus, there are 2 Eq 
of Ca 2+ (1 mol X 2) and 2 Eq of CL (2 mol X 1). 
In an eleetrieally neutral solution, the equivalent 
eoneentration of positively eharged ions is equal to 
the equivalent eoneentration of the negatively 
eharged ions. One milliequivalent (mEq) is 1/1000 
of an equivalent. 
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Pure water weakly dissoeiates to form small num- 
bers of hydrogen and hydroxide ions: 




+ OH 


At 25°C, the eoneentration of both hydrogen ions 
and hydroxide ions is 10 -7 mol/L. Any solution 
that has equal eoneentrations of hydrogen and 
hydroxide ions is eonsidered neutral. A solution is 
an aeid if it has a higher eoneentration of hydro- 
gen ions than hydroxide ions, and a solution is a 
base if it has a lower eoneentration of hydrogen 
ions than hydroxide ions. In any aqueous solution 
(at 25°C), the hydrogen ion eoneentration [H + ] 
times the hydroxide ion eoneentration [OH - ] is a 
eonstant that is equal to 10 -14 . 


[H+] X [OH-] = 10" 14 


Consequently, as the hydrogen ion eoneentration 
deereases, the hydroxide ion eoneentration inereases, 


l viee versa—for 

example, 



[H+] 

[OH ] 

Aeidie solution 

10’ 3 

io-“ 

Neutral solution 

10- 7 

10- 7 

Basie solution 

10- 12 

10“ 2 


Although the aeidity or basieity of a solution 
could be expressed in terms of either hydrogen or 
hydroxide ion eoneentration, it is customary to 
use hydrogen ion eoneentration. The pH of a 
solution is defined as 

pH = -log 10 (H + ) 


Thus, a neutral solution with 10 7 mol of hydro- 
gen ions per liter has a pH of 7. 

P H = —log 10 (H + ) 

— log 10 (10 -7 ) 

= ~(-7) 

= 7 

In simple terms, to eonvert the hydrogen ion eon- 
eentration to the pH seale, the exponent of the 
eoneentration (e.g., ~7) is used, and it is ehanged 
from a negative to a positive number. Thus, an 
aeidie solution with 10 -3 mol of hydrogen ions/L 
has a pH of 3, whereas a basie solution with 10 -12 
hydrogen ions/L has a pH of 12. 
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Answers to Review and eomprehension Questions 



ehapter One 

I. a; 2. b; 3. a; 4. e; 3. d; 6. e; 7. a; 8. b; 9. e; 10. d; 

II. d; 12. e; 13. d; 14. d; 13. a; 16. b; 17. b; 18. a; 
19. e; 20. e; 21. a; 22. b; 23. a; 24. b; 25. e 


ehapter Ten 

I. e; 2. a; 3. b; 4. b; 5. a; 6. e; 7. e; 8. a; 9. e; 10. a; 

II. b; 12. d; 13. a; 14. e; 15. b; 16. a; 17. a; 18. b; 
19. d; 20. e; 21. e; 22. b; 23. d; 24. d; 25. b; 26. b; 
27. e; 28. e; 29. e; 30. a 


ehapter Eighteen 

I. e; 2. b; 3. a; 4. a; 5. d; 6. b; 7. e; 8. d; 9. a; 10. a; 

II. d; 12. e; 13. e; 14. a; 15. a; 16. e; 17. a; 18. b; 
19. d; 20. a; 21. e; 22. d; 23. b; 24. b; 25. b; 26. d; 
27. a; 28. d; 29. b; 30. b 


ehapter Two 

I. e; 2. a; 3. b; 4. a; 5. d; 6. b; 7. d; 8. e; 9. e; 10. e; 

II. e; 12. d; 13. e; 14. a; 15. b; 16. d; 17. b; 18. b; 

19. e; 20. a 


ehapterThree 

I. e; 2. a; 3. d; 4. d; 5. b; 6. b; 7. d; 8. a; 9. a; 10. d; 

II. d; 12. b; 13. b; 14. e; 15. e; 16. e; 17. b; 18. e; 
19. b; 20. e; 21. a; 22. e; 23. d; 24. e; 25. d 


ehapter Four 

I. e; 2. e; 3. e; 4. a; 5. a; 6. d; 7. b; 8. d; 9. e; 10. d; 

II. a; 12. b; 13. a; 14. b; 15. b; 16. a; 17. e; 18. b; 
19. e; 20. e; 21. b; 22. e; 23. b; 24. a; 25. e 

ehapter Five 

I. a; 2. b; 3. e; 4. b; 5. a; 6. e; 7. d; 8. e; 9. e; 10. d; 

II. d; 12. a; 13. b; 14. e; 15. e; 16. e; 17. a; 18. e; 
19. a; 20. d; 21. e; 22. d; 23. e; 24. d.; 25. a 

ehapter Six 

I. e; 2. d; 3. d; 4. d; 5. b; 6. d; 7. e; 8. e; 9. a; 10. a; 

II. b; 12. e; 13. d; 14. e; 15. d; 16. e; 17. d; 18. b; 
19. e; 20. a; 21. e; 22. d; 23. d; 24. a; 25. e 

ehapter Seven 

I. b; 2. e; 3. e; 4. d; 5. e; 6. a; 7. d; 8. a; 9. e; 10. a; 

II. b; 12. a; 13. d; 14. e; 15. a; 16. e; 17. b; 18. e; 
19. a; 20. a; 21. b; 22. d; 23. e; 24. e; 25. d; 26. b; 
27. a; 28. e; 29. a; 30. d; 31. e; 32. d; 33. e; 34. a; 
35. b; 36. e; 37. d; 38. b; 39. a; 40 e 


ehapter Eight 

I. e; 2. e; 3. d; 4. b; 5. e; 6. b; 7. e; 8. d; 9. b; 10. d; 

II. e; 12. e; 13. e; 14. d; 15. e; 16. a; 17. e; 18. b; 
19. e; 20. d; 21. e; 22. a; 23. e; 24. e; 25. e 


ehapter Nine 

I. d; 2. b; 3. e; 4. d; 5. d; 6. a; 7. b; 8. e; 9. a; 10. e; 

II. a; 12. a; 13. b; 14. d; 15. b; 16. a; 17. d; 18. e; 
19. e; 20. e; 21. a; 22. e; 23. e; 24. d; 25. a 


ehapter Eleven 


ehapter N neteen 


I. d; 2. e; 3. d; 4. b; 5. b; 6. d; 7. b; 8. e; 9. e; 10. d; 

II. d; 12. e; 13. e; 14. e; 15. b; 16. e; 17. e; 18. d; 

19. b; 20. b; 21. b; 22. e; 23. e; 24. a; 25. e; 26. d; 

27. b; 28. a; 29. e; 30. b; 31. e; 32. b; 33. e; 34. b; 

35. b 


I. d; 2. b; 3. e; 4. e; 5. d; 6. b; 7. d; 8. a; 9. e; 10. e; 

II. b; 12. e; 13. d; 14. b; 15. e; 16. e; 17. a; 18. d; 

19. a; 20. d; 21. b; 22. e; 23. a; 24. d; 25. d; 26. a; 

27. e; 28. e; 29. d; 30. e 


ehapter Tvvelve 

I. e; 2. d; 3. e; 4. d; 5. b; 6. d; 7. a; 8. b; 9. e; 10. e; 

II. e; 12. b; 13. d; 14. a; 15. b; 16. b; 17. d; 18. b; 
19. b; 20. d; 21. d; 22. b; 23. b; 24. e; 25. e 


ehapter Tvventy 

I. e; 2. a; 3. b; 4. e; 5. d; 6. b; 7. d; 8. e; 9. b; 10. d; 

II. a; 12. a; 13. d; 14. e; 15. e; 16. b; 17. e; 18. a; 
19. b; 20. d; 21. b; 22. e; 23. b; 24. d; 25. e; 26. a; 
27. e; 28. d; 29. e; 30. e 


ehapter Thrteen 


I. e; 2. e; 3. a; 4. e; 5. b; 6. a; 7. d; 8. b; 9. b; 10. e; 

II. e; 12. e; 13. a; 14. e; 15. e; 16. a; 17. d; 18. e; 
19. a; 20. b; 21. a; 22. d; 23. a; 24. e; 25. e 


ehapter Foiirteen 

1. e; 2. d; 3. d; 4. a; 5. e; 6. b; 7. d; 8. e; 9. d; 
10. e; 11. d; 12. a; 13. a; 14. e; 15. e; 16. e; 17. e; 

18. d; 19. e; 20. e 


ehapter Fifteen 

I. e; 2. b; 3. e; 4. d; 5. e; 6. e; 7. d; 8. d; 9. e; 10. a; 

II. e; 12. d; 13. b; 14. e; 15. b; 16. d; 17. a; 18. d; 
19. e; 20. a; 21. d; 22. e; 23. e; 24. d; 25. d; 26. a; 
27. d; 28. a; 29. b; 30. b; 31. e; 32. e; 33. b; 34. e; 
35. d 

ehapter Sixteen 

I. e; 2. e; 3. a; 4. d; 5. a; 6. d; 7. d; 8. b; 9. e; 10. d; 

II. b; 12. b; 13. e; 14. e; 15. b; 16. b; 17. e; 18. b; 
19. a; 20. a; 21. d; 22. d; 23. e; 24. e; 25. d 

ehapter Seventeen 

I. e; 2. e; 3. d; 4. e; 5. e; 6. e; 7. a; 8. b; 9. d; 10. e; 

II. a; 12. e; 13. d; 14. b; 15. b; 16. a; 17. a; 18. e; 
19. b; 20. a; 21. d; 22. e; 23. b; 24. e; 25. e; 26. e; 
27. a; 28. a; 29. e; 30. e 


ehapter Tvventy-One 

I. e; 2. a; 3. d; 4. d; 5. e; 6. d; 7. a; 8. a; 9. e; 10. e; 

II. b; 12. a; 13. e; 14. b; 15. d; 16. e; 17. d; 18. e; 
19. b; 20. d; 21. d; 22. e; 23. e; 24. a; 25. e; 26. b; 
27. b; 28. a; 29. e; 30. e; 31. e; 32. a; 33. e; 34. a; 
35. e 


ehapter Twenty-Two 

I. d; 2. e; 3. e; 4. b; 5. d; 6. e; 7. e; 8. e; 9. b; 10. a; 

II. d; 12. b; 13. d; 14. a; 15. e; 16. e; 17. a; 18. b; 

19. a; 20. b 


ehapter Twenty-Three 

I. d; 2. b; 3. b; 4. e; 5. b; 6. b; 7. b; 8. e; 9. b; 10. b; 

II. a; 12. a; 13. e; 14. e; 15. b; 16. d; 17. d; 18. d; 
19. e; 20. d; 21. a; 22. d; 23. e; 24. e; 25. e; 26. e; 
27. a; 28. b; 29. a; 30. a; 31. b; 32. d; 33. a; 34. a; 
35. a 


ehapter Twenty-Four 

I. e; 2. e; 3. e; 4. a; 5. a; 6. b; 7. d; 8. e; 9. b; 10. d; 

II. d; 12. d; 13. e; 14. b; 15. e; 16. a; 17. e; 18. a; 
19. b; 20. e; 21. b; 22. a; 23. e; 24. a; 25. e; 26. e; 
27. e; 28. e; 29. e; 30. e; 31. a; 32. e; 33. e; 34. a; 
35. e 


ehapter Twenty-Five 

I. b; 2. e; 3. a; 4. a; 5. d; 6. a; 7. e; 8. e; 9. b; 10. e; 

II. a; 12. a; 13. e; 14. d; 15. e; 16. e; 17. e; 18. a; 
19. b; 20. d; 21. d; 22. e; 23. b; 24. e; 25. e 
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Answers to eritieal Thinking Questions 


ehapter 1 

1. Answer e is eorreet. Positive-feedbaek 
meehanisms result in movement away from 
homeostasis and are usually harmful. The 
continually deereasing blood pressure is an 
example. Negative-feedbaek meehanisms result in 
a return to homeostasis. The elevated heart rate is 
a negative-feedbaek meehanism that attempts to 
return blood pressure to a normal value. In this 
ease, the negative-feedbaek meehanism was 
inadequate to restore homeostasis, and medieal 
intervention (a transfusion) was neeessary. 

2. In the eat, eephalie and anterior are toward the 
head; dorsal and superior are toward the baek. In 
humans, eephalie and superior are toward the 
head; dorsal and posterior are toward the baek. 

3. When a boy is standing on his head, his nose is 
superior to his mouth. Direetional terms refer to a 
person in the anatomieal position, not to the 
body’s current position. 

4. a. Inferior 

b. Posterior (dorsal) or deep 
e. Distal or inferior 
d. Lateral 

3. The thumb is lateral and distal (inferior) to the 
elbow. Ihe elbow is medial and proximal 
(superior) to the thumb. 

6. The wedding band should be worn proximal to 
the engagement ring. 

7. The uterus is loeated in the pelvie eavity. Ihe pelvie 
eavity, however, is surrounded by the bones of the 
pelvis and does not inerease in size during 
pregnaney. Instead, as the fetus grows the expanding 
uterus must move into the abdominal eavity, thereby 
crowding abdominal organs and dramatieally 
inereasing the size of the abdominal eavity. 

8. Ihere are two ways. First, the viseeral peritoneum 
wraps around organs. lhus, the peritoneal eavity 
surrounds the organ, but the organ is not inside 
the peritoneal eavity. Ihe peritoneal eavity 
eontains only peritoneal fluid. Seeond, 
retroperitoneal organs are in the abdominopelvie 
eavity, but they are between the wall of the 
abdominopelvie eavity and the parietal peritoneal 
membrane. 

9. After the pole passes through the abdominal wall, 
it pierees the parietal peritoneum. In passing 
through the stomaeh, it penetrates the viseeral 
peritoneum, the stomaeh itself, and the viseeral 
peritoneum on the other side of the stomaeh. 
Because the diaphragm is lined inferiorly by 
parietal peritoneum and superiorly by parietal 
pleura, these are the next two membranes 
piereed. The pole then passes through the pleural 
spaee and viseeral pleura to enter the lung. 

10. Ihe kidneys are loeated in the abdominal eavity 
but are retroperitoneal. When a person is lying 
prone, it is possible to cut through the posterior 
abdominal wall and remove a kidney without 
cutting through parietal peritoneum. 


ehapter 2 

1. Because atoms are eleetrieally neutral, the iodine 
atom has the same number of protons and 
eleetrons. The gain of an eleetron means the iodine 
ion has one more eleetron than protons and 
therefore a eharge of minus one. The eorreet 
symbol is I -1 . or I - . 

2. a. Dissoeiation 
b. Synthesis 

e. Deeomposition 

3. Muscle eontains proteins. To inerease muscle mass, 
proteins must be synthesized from amino aeids. 
The synthesis of molecules in living organisms 
requires the input of energy. Ihat energy eomes 
from the potential energy stored in the ehemieal 
bonds of food molecules, which is released during 
the deeomposition of food molecules. 

4. Ihe sodium biearbonate dissoeiates to form 
sodium ions (Na + ) and biearbonate ions 
(HC 03 _ ). Because this is a reversible reaetion, 
The HC 03 ~ added to the solution bind with 
H + to form earbon dioxide and water. Ihe 
deerease in H + causes the pH to inerease 
(beeome more basie). 

5. pH is a measure of H + eoneentration. If equal 
amounts of solutions A and B are mixed, the 
resulting H + eoneentration is the average value 
of the two solutions - that is, the pH is 

(6 + 8)/2 = 7. A pH of 7 is neutral. This question 
illustrates an important point: Ihe pH of a 
solution ean be ehanged by adding a more aeidie 
or basie solution to it. 

6. The slight amount of heat flmetioned as aetivation 
energy and started a ehemieal reaetion. Ihe 
reaetion released energy, espeeially heat, which 
caused the solution to beeome very hot. 

7. Ihere was most likely at least one enzyme 
present that was required for one of the initial 
reaetions. Boiling denatured any enzymes 
present in the solution. Without enzymes, the 
reaetions will not occur. 

ehapter 3 

1. Container A with a 10% salt solution has 
proportionately more water than eontainer B with 
a 20% salt solution. Water moves from eontainer 
A to eontainer B. Container B has more salt than 
eontainer A, and salt moves from eontainer B to 
eontainer A. 

2. If the membrane is freely permeable, the solutes in 
the tube difftise from the tube (higher 
eoneentration of solutes) into the beaker (lower 
eoneentration of solutes) until equal amounts of 
solutes exist inside the tube and beaker (i.e., 
equilibrium). In a similar fashion, water in the 
beaker difftises from the beaker (higher 
eoneentration of water) into the tube (lower 
eoneentration of water) until equal amounts of 
water are inside the tube and beaker. 


Consequently, the solution eoneentrations inside 
the tube and beaker are the same because they 
both eontain the same amount of solutes and 
water. Under these eonditions, no net movement 
of water into the tube occurs. This simple 
experiment demonstrates that osmosis and 
osmotie pressure require a membrane that is 
seleetively permeable. 

3. The woman’s sweat is hyposmotie to her blood, 
which means her sweat is more dilute than her 
blood. She loses more water from her blood than 
solutes in her sweat, which inereases the 
eoneentration of her blood. As her blood beeomes 
more eoneentrated, water moves from her eells 
into her blood. Consequently, her eells shrink. 

4. B is the most logieal conclusion. Swollen lung 
tissue suggests that the tissues had been submerged 
in a hypotonie solution, such as fresh water. 
Because the bay eontains salt water, which is 
slightly hypertonie to blood, it is unlikely he 
drowned in the bay. It is more likely he drowned 
in fresh water and was later plaeed in the bay. 
Although this is the most logieal conclusion of 
those given, there are possibilities other than 
murder. For example, he may have aeeidentally 
drowned in a fresh-water stream and then been 
washed into the bay. 

5. The eells within the wound swell with water and 
lyse by the introduction of a hypotonie solution. 
Ihis kills potentially metastatie eells that may still 
be present in the wound. 

6. Answer b is eorreet. Because the solution is 
isotonie, there is no exchange of water. Because the 
solution eontains the same eoneentration of all 
substances except that it has no urea, only a net 
movement of urea occurs aeross the membrane. 

7. Because the plasma membrane stays the same size, 
even though small pieees of membrane from 
seeretory vesieles are continually added to the 
plasma membrane, one must conclude that some 
proeess is removing small pieees of membrane at 
the same rate that they are added. The plasma 
membrane is eonstantly being reeyeled. 

8. Ihe well-developed rough endoplasmie reticulum 
is indieative of protein synthesis, and a well- 
developed Golgi apparatus is indieative of 
seeretion. It is likely that this eell synthesizes 
and seeretes proteins. 

9. Because the drug inhibits mRNA synthesis, 
protein synthesis is stopped. If the eell releases 
proteins as they are synthesized, the rate of protein 
seeretion dramatieally deereases following the 
administration of the drug. On the other hand, if 
the eell releases stored proteins, the rate of 
seeretion at first is normal and then gradually 
deelines. 

10. The siekle-eell gene for producing the protein has 
a different nucleotide than the normal gene for 
producing the protein. Because the nucleotides 
are the set of instmetions for making the protein, 
the ehange means the instructions eontain an 
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error. When mRNA eopies the instmetions from 
the faulty DNA, the error is also eopied. 
Consequently, when the amino aeids are joined 
together to form the protein at the ribosome, the 
instructions are wrong and the protein is 
ineorreetly assembled. A substitution of a single 
nucleotide results in a different amino aeid in the 
ehain of amino aeids that make up the protein. 
This ehange alters the shape of the protein. Just as 
the hinetion of enzymes depends on their shape, 
the functions of other proteins depends on their 
shape. Ihe ineorreetly manufactured proteins in 
the red blood eells have the wrong shape and do 
not staek eorreetly. As a result of the abnormal 
staeking, the red blood eells have an abnormal, 
siekle shape. 

ehapter 4 

1. Ihe tissue is epithelial tissue, as it is lining a free 
surface, and the epithelium is stratified because it 
eonsists of more than one layer. The types of 
stratified epithelium are stratified squamous, 
stratified cuboidal, stratified columnar, and 
transitional epithelium. The structure of the eells 
in the surface layers enables the determination of 
a speeifie tissue type. Flat eells in the surface layer 
indieate stratified squamous epithelium. Cuboidal 
eells in the surface layer indieate stratified 
cuboidal epithelium, and columnar eells in the 
surface layer point to stratified columnar 
epithelium. The surface eells of transitional 
epithelium are roughly cuboidal with cubelike or 
columnar eells beneath them. When transitional 
epithelium is stretehed, the surface eells are still 
roughly cuboidal, but underlying layers ean be 
somewhat flattened. 

2. In general, epithelial eells undergo eell division 
(mitosis) in response to injury, and the newly 
produced eells replaee the damaged eells. If the 
basement membrane is destroyed, however, 
nothing is present to provide seaffolding for the 
newly formed epithelial eells. Without the 
basement membrane, there is no effeetive way for 
the newly formed epithelial eells to repair a 
structure, such as a kidney tubule. Sinee the 
basement membranes appear to be mostly present, 
the person is likely to survive and the kidney will 
regain most of its ability to fimetion. 

3. Pseudostratified columnar eiliated epithelium is 
found in the traehea. It produces mucus that traps 
dust and debris in air. The eilia move the mucus 
with entrapped dust and debris to the throat, 
where it is swallowed. In heavy smokers the 
pseudostratified columnar epithelium is replaeed 
by stratified squamous epithelium that serves a 
proteetive fimetion against the irritating materials 
in the smoke. Unfortunately, this type of 
epithelium is not eiliated, so removal of foreign 
materials from the traehea is more difficult. If a 
person doesn’t smoke for 2 years, then the original 
pseudostratified columnar eiliated epithelium 
replaees the stratified squamous epithelium and 
debris removal resumes. 

4. Tight junctions prevent the passage of materials 
between the epithelial eells. 

5. A seeretory epithelium is generally a simple 
epithelium. To manufacture large amounts of 
enzymes, a cuboidal or columnar eell with the 
appropriate organelles such as rough endoplasmie 
reticulum and Golgi apparatuses would be 
expected. The panereas is formed of simple 


columnar epithelium. The epithelium has 
mierovilli on its free surface, which inerease the 
surface area and faeilitate seeretion. The tight 
junctions that eonneet the epithelial eells of the 
panereatie glands and duct system to eaeh other 
prevent damage to the underlying tissues (by the 
aetion of panereatie digestive enzymes). 

6. Because this tissue has a free surface and eonsists 
of a single layer of eells, it is simple epithelium. 
Because the eells are narrow and tall, it is simple 
columnar epithelium. The mierovilli inerease the 
surface area of the free surface of the epithelial 
eells and the mitoehondria synthesize ATP. 
Therefore, this eell type is probably involved in 
aetive transport of solutes. The goblet eells 
indieate that it also seeretes mucus. These 
eharaeteristies are eonsistent with the epithelium 
lining the small intestine. 

7. a. Ihe stratified squamous epithelium that lines 

the mouth provides proteetion. Replaeement 
of it with simple columnar epithelium makes 
the lining of the mouth much more 
susceptible to damage because the single layer 
of epithelial eells is easier to damage. 
b. Tendons attaeh muscles to bone. When 

muscles eontraet, muscles pull on the tendons 
and, because the tendons are attaehed to bone, 
the bones move. If the tendons eontained 
elastie tissue, the tendons would be more like 
elastie bands. Ihe muscles would eontraet and 
streteh the tendons. Not all of the foree of 
muscle eontraetion would be transferred to the 
bones to cause them to move. 
e. If bones were made of elastie eartilage, they 
would be much more flexible and could bend 
and then return to their original shape. Ihey 
would not be rigid structures, like bone, that 
support our weight and result in effieient 
movement. 

8. Chemical mediators of inflammation normally 
produce benefieial responses, such as dilation of 
small-diameter blood vessels and inereased blood 
vessel permeability. Bloeking these effeets could 
reduce the ability of the body to deal with harmfiil 
agents, such as baeteria. On the other hand, 
antihistamines also reduce many of the unpleasant 
symptoms of inflammation, making the patient 
more eomfortable and this ean be eonsidered 
benefieial. Antihistamines are eommonly taken to 
prevent allergy symptoms that are often an 
overreaetion of the inflammatory response to 
foreign substances, such as pollen. 

9. Collagen synthesis is required for granulation tissue 
and sear formation. If eollagen synthesis does not 
occur because of a laek of vitamin C, or if eollagen 
synthesis is slowed, wound healing does not occur 
or is slower than normal. One might expect that 
the density of eollagen fibers in a sear is reduced 
and the sear is not as durable as a normal sear. 

ehapter 5 

1. Ihe stratum corneum, the outermost layer of 
the skin, eonsists of many rows of flat, dead 
epithelial eells. The many rows of eells, which 
are continuously shed and replaeed, are 
responsible for the proteetive fimetion of the 
integument. In infants, there are fewer rows of 
eells, resulting in skin that is more easily 
damaged than that in adults. 

2. Aleohol is a solvent that dissolves lipids. It 
removes the lipids from the skin, espeeially in 


the stratum corneum. Ihe rate of water loss 
inereases after soaking the hand in aleohol 
because of the removal of the lipids that 
normally prevent water loss. 

3. Melanoeytes produce melanin, which proteets 
underlying tissue from ultraviolet radiation. 
Iherefore, we expect melanoeytes to be as 
superficial as possible. Also, melanin production 
varies, depending on exposure to the sun. 

Response to stimulation is a eharaeteristie of living 
eells. Thus, melanoeytes should be found in the 
most superficial living layer of the epidermis, the 
strarnm basale. 

4. Carotene, a yellow pigment from ingested plants, 
accumulates in lipids. Ihe stratum corneum of a 
callus has more layers of eells than other 
noncallused parts of the skin, and the eells in eaeh 
layer are surrounded by lipids. Ihe earotene in the 
lipids makes the callus appear yellow. 

3. When first exposed to the eold temperature just 
before starting the run, the blood vessels in the skin 
eonstriet to eonserve heat. This produces a pale skin 
eolor. Afier a person has been running for awhile, as 
a result of the excess heat generated by the exercise, 
the blood vessels in the skin dilate. This results in 
heat loss and helps prevent overheating. inereased 
blood flow through the skin causes it to turn red. 
Afier the run, the body still has excess heat to 
eliminate, so the skin remains red for some time. 

6. Yes, the skin (dermis) ean be overstretehed due to 
obesity or rapid growth. 

7. The vermillion border is eovered by keratinized 
epithelium that is transitional between the 
nonkeratinized stratified epithelium of the 
mucous membrane and the keratinized stratified 
epithelium of the faeial skin. Ihe mucous 
membrane has mucous glands, which seerete 
mucus (see ehapter 4). The mucus helps keep 
the inner surface of the lips moist. In addition, the 
inner surface of the lips is “sealed off’ from the 
outside air most of the time and is moistened by 
saliva. Ihe keratinized stratified epithelium of 
the skin has a stratum corneum, with lipids that 
reduce water loss. The skin also has sebaceous 
glands, which produce sebum that reduces water 
loss. The skin of the vermillion border is not 
moistened by mucus or saliva and it does not have 
sebaceous glands. Without sebaceous glands, the 
surface of the vermillion border is not proteeted 
against drying by sebum. Also, the vermillion 
border is not as heavily keratinized as faeial 
skin—that is, there are fewer eell layers with 
surrounding lipids. For these reasons, the 
vermillion border dries out more easily than the 
mucous membrane of the oral eavity or the skin 
of the faee. 

8. Eyelashes have a short growth stage (30 days) and 
are therefore short. Fingernails grow continuously 
but are short because they are cut, broken off, or 
worn down. 

9. The hair folliele, but not the hair, is surrounded 
with nerve endings that ean deteet movement or 
pulling of the hair. Ihe hair is dead, keratinized 
epithelium, so cutting the hair is not painfiil. 

10. Several methods have some degree of success in 
treating aene. (a) Kill the baeteria. One effeetive 
agent is benzoyl peroxide, found in some aene 
medieations. (b) Prevent bloekage of the hair 
folliele. A vitamin A derivative (tretinoin; 
Retin-A) has proven effeetive in keeping the 
follicular epithelial eells and sebum from 
building up and elosing off the hair folliele. 
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(c) Unplug the folliele. Some sulfur compounds 
(e.g., Aenederm) speed up peeling of the skin 
and thus unplug the folliele. 

11. Probably not, because, following removal of the 
nail from the nail fold, it may grow baek into the 
nail fold and the ingrown toenail may reoccur. 

One solution is to remove the small part of the 
nail responsible for the ingrown toenail. Prior to 
this drastie approaeh, sterile gauze ean be plaeed 
between the nail and the nail fold to foree the nail 
away from the nail fold. After the nail fold is healed, 
the gauze ean be removed. 

12. Riekets is a disease of ehildren resulting from 
inadequate vitamin D intake. With inadequate 
vitamin D, there is insufficient absorption of 
calcium from the intestine, resulting in soft 
bones. If adequate vitamin D is ingested, riekets is 
prevented, whether one is dark- or fair-skinned. 
However, if dietary vitamin D is inadequate, 
when the skin is exposed to ultraviolet light, 
7-dehydroeholesterol is eonverted into 
eholeealeiferol, which ean be eonverted to vitamin 
D. Dark-skinned ehildren are more susceptible to 
riekets because the additional melanin in their 
skin sereens out the ultraviolet light and they 
produce less vitamin D. 

ehapter 6 

1. Normally, bone matrix and bone trabeculae are 
organized to be strongest along lines of stress. 
Random organization of the eollagen fibers of 
bone matrix results in weaker bones. In 
addition, the reduced amount of trabecular bone 
makes the bone weaker. Fractures of the bone 
ean occur when the weakened bone is subjected 
to stress. 

2. Ihe injury separated the head (epiphysis) from the 
shaft (diaphysis) at the epiphyseal plate, which is 
eartilage. Because the epiphyseal plate is the site of 
bone elongation, damage to the epiphyseal plate ean 
interfere with bone elongation, resulting in a 
shortened limb. 

3. Replaeement of eartilage of the epiphyseal plate by 
bone normally occurs on the diaphyseal side of the 
plate. As growth eeases, the eartilage eells stop 
dividing and producing new eartilage. 

Replaeement of eartilage with bone continues 
from the diaphyseal side, and evenmally all of the 
eartilage of the plate is bone. 

4. Testosterone normally causes a growth spurt at 
puberty, followed by slower growth and closure of 
the epiphyseal plate. Without testosterone, growth is 
slower but proeeeds longer, resulting in a taller than 
normal person. 

5. Osteoporosis is depletion of bone matrix that 
results when more bone is destroyed than is 
formed. Because meehanieal stress stimulates 
bone formation (osteoblast aetivity), running 
helps prevent osteoporosis in the bones being 
stressed. Ihis includes the bones of the lower 
limbs and the spine. 

6. The loss of bone density resffits because the bones 
are not bearing weight in the weightless 
environment. Iherefore, osteoblasts are not 
sufficiently stimffiated and bone resorption 
exceeds bone bffilding. Bone loss ean be slowed 
by stressing the bones using exercises against 
resistanee, such as eyeling. 

7. Meehanieal stress applied to bone stimffiates 
osteoblast aetivity, so the patient with a walking 
east shoffid heal faster. 


8. Blood vessels in eentral eanals run parallel to the 
long axis of the bone, and perforating eanals run 
at approximately a right angle to the eentral 
eanals. lhus, perforating eanals eonneet to 
eentral eanals, which allows blood vessels in the 
perforating eanals to eonneet with blood vessels 
in the eentral eanals. After a fraemre, blood flow 
through the eentral eanals stops baek to the point 
where the blood vessels in the eentral eanals 
eonneet to the blood vessels in the perforating 
eanals. Ihe regions of bone on both sides of the 
fracture assoeiated with this laek of blood 
delivery die. 

9. The kidneys are the site of production of aetive 
vitamin D (see ehapter 5), which is needed for 
Ca 2+ absorption in the small intestine. Kidney 
faiffire ean resffit in inadequate vitamin D 
production, too little uptake of Ca 2+ , and 
therefore osteomalaeia. 

10. It would not be reeommended. It is true that 
exposure to UV light in a tanning salon promotes 
vitamin D production, which inereases calcium 
absorption. Ihe ealeffim is neeessary to make 
hydroxyapatite, the mineral eomponent of bone 
matrix, which is responsible for the eompression 
(weight-bearing) strength of bone. However, even 
if a person’s exposure to UV light is inadequate to 
naturally produce sufficient levels of vitamin D, it 
is possible to ingest vitamin D in food or as a 
food supplement. Ihis is a better approaeh than 
using a tanning salon, because the high levels of 
ffitraviolet light in tanning salons inereases the 
risk of developing skin eaneer. 

11. Hyperparathyroidism stimulates inereased bone 
breakdown and eoffid cause osteitis fibrosa 
eystiea, a eondition in which the bone is eaten 
away as Ca 2+ are released from the bone. Ihe 
result ean be a deformed bone that is likely to 
fracture. Vitamin D therapy might help because 
vitamin D promotes an inerease in blood Ca 2+ 
levels and therefore inereased deposition of Ca 2+ 
in bone. 


ehapter 7 

1. An infeetion in the nasal eavity could spread to 
adjaeent eavities and fossae, ineffiding the 
paranasal sinuses: (1) frontal, (2) maxillary, 

(3) ethmoidal, and (4) sphenoidal; (5) the orbit 
(through the nasolaerimal duct); (6) the eranial 
eavity (through the eribriform plate); and (7) the 
throat (through the posterior opening of the 
nasal eavity). 

2. Falling on the top of the head eoffid drive the 
oeeipital eondyles into the superior artieffiating 
proeesses of the atlas, causing a fracture. An 
uppercut to the jaw would slightly lift the oeeipital 
eondyles away from the superior articulating 
proeesses of the atlas and usually does not resffit in 
a fractured atlas. Such a blow to the jaw ean, 
however, fracture the temporal bone where it 
artieffiates with the mandible. 

3. Foreefffi rotation of the vertebral eoffimn is most 
likely to damage the articular proeesses, espeeially 
in the ffimbar region, where the artieffiar proeesses 
tend to prevent excessive rotation (the superior 
articular proeesses faee medially and the inferior 
articular proeesses faee laterally). 

4. Weaker baek muscles on one side ean cause the 
vertebral eoffimn to bend laterally (seoliosis) 
toward the opposite side. Lordosis ean resffit 
from pregnaney. As the fetus causes the abdomen 


to move anteriorly, the thorax and head tend to 
pffil posteriorly, to restore the eenter of gravity. 
Ihis posture inereases the ffimbar curvature. 

Ihe same effeet ean be seen in people who are 
“pot-bellied.” 

5. Decubitus ffieers form over bony prominenees where 
the bone is elose to the overlying skin and where the 
body eontaets the bed when lying down. Such sites 
are the baek and front of the skffil and the eheeks 
(over zygomatie bones), aeromion, seapffia, 
oleeranon, coccyx, greater troehanter, lateral 
epieondyle of the femur, patella, lateral malleoffis, 
and calcaneus. 

6. If the ffina and radffis beeome fused, the radius 
ean no longer rotate relative to the ffina. As a 
resffit, most of the rotation of the forearm and 
hand is lost. 

7. Measure from the anterior superior iliae spine 

(a “stationary” point relative to the limb, which ean 
be easily found as a surface landmark) to the lateral 
malleoffis. Ihe inferior side of the foot ean also be 
used, if the person is standing on a flat surface. A 
defeet of the foot or ankle may occur, however, in 
which the ankle on one side is elevated. If the length 
of the thigh is the only part to be measured, 
measure to the lateral epieondyle. 

8. Women’s hips are wider than men’s. As the knees 
are positioned toward the midline, the slope of the 
femur from its proximal end toward its distal end 
is greater in women. As a resffit, more women than 
men tend to be knoek-kneed. 

9. The lateral malleoffis extends farther distally than 
does the medial malleoffis, thus making it more 
diffieffit to turn the foot laterally than to turn it 
medially. Ihe styloid proeess of the radffis extends 
farther distally than the styloid proeess of the ffina, 
thus making it more diffieffit to eoek the wrist 
toward the thumb (laterally) than toward the little 
finger (medially). 

10. Landing on the heels eoffid fracture the calcaneus. 
Heavy objeets, such as the firefighters, landing on 
the dorsal surface of the foot could fracture the 
metatarsal bones or even the tarsal bones. 

11. a. flexion and supination 

b. flexion of the hip and extension of the knee 
e. abduction of the arm at the shoffider 
d. flexion of the knee and plantar flexion of the 
foot 

12. Ihe anterior drawer test determines the integrity 
of the anterior cruciate ligament, and the posterior 
drawer test determines the integrity of the 
posterior emeiate ligament. Unusual movement 
during the posterior drawer test indieates damage 
to the posterior cruciate ligament. 

ehapter 8 

1. While the weight is being held steady, the eross- 
bridges are pulling the Z disks eloser together, but 
the external load (the weight) is pffiling the 
sareomeres apart with equal foree. Because the 
internal and external forees are equal, the eross- 
bridges are producing enough foree to hold the 
weight steady, but not enough to shorten the 
muscle, so the sareomeres remain the same length. 
When the individual lowers the weight, the eross- 
bridges are producing less foree than the weight. 
lhus, eaeh time a eross-bridge detaehes from aetin, 
the thin filaments “slip” and the sareomeres 
lengthen. When the individual raises the weight, 
the eross-bridges are producing more foree than 
the external load. lhus, the eross-bridges 
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eolleetively are able to produce enough foree to 
pull the Z disks eloser together and the sareomeres 
get shorter. 

2. The toxin could prevent nerves from stimulating 
eontraetion of respiratory muscles. Possibilities 
include bloeking Ca 2+ ehannels in the presynaptie 
terminals so that they do not respond to aetion 
potentials, preventing the synthesis or release of 
ACh from the presynaptie terminals, inaetivating 
ACh, inereasing the aetivity of aeetyleholinesterase, 
bloeking ACh from binding to its reeeptor, 
bloeking ligand-gated Na + ehannels in the 
postsynaptie membranes, bloeking voltage-gated 
Na + ehannels in the postsynaptie membranes, and 
bloeking Ca 2+ ehannels in the sareoplasmie 
reticulum. Ihe toxin could also prevent ATP 
synthesis or utilization. 

3. Muscular dystrophy results from gradual atrophy 
of skeletal muscle fibers and their replaeement 
with eonneetive tissue. Myasthenia gravis results 
from the degeneration of the reeeptors for 
aeetyleholine on the postsynaptie membranes of 
skeletal muscle eells. If an inhibitor of 
aeetyleholinesterase is administered, the result 
should be an inerease in the eoneentration of 
aeetyleholine in the nerve muscle synapse. lhus, 
more aeetyleholine is available to bind to 
aeetyleholine reeeptors. In people suffering from 
myasthenia gravis, the inereased eoneentration 
of aeetyleholine in the synapse allows 
aeetyleholine to bind a greater pereentage of the 
aeetyleholine reeeptors present and causes the 
muscle eontraetions to inerease in strength. In 
people who have muscular dystrophy, the 
muscle eontraetions do not inerease in strength 
because muscle atrophy is the cause of the 
weakness. Ihe additional aeetyleholine in the 
neuromuscular synapse has no effeet on the 
weakened muscle fibers. 

4. Plaeing sareoplasmie reticulum from skeletal 
muscle eells into the beaker would remove Ca 2+ 
from the solution because sareoplasmie reticulum 
transports Ca 2+ from the solution into the 
sareoplasmie reticulum. ATP would have to be 
added for two reasons: (1) Ihe sareoplasmie 
reticulum aetively transports Ca 2+ and therefore 
requires ATP and (2) ATP must bind to the 
heads of the myosin molecules before the myosin 
heads ean release from the aetive sites on the 
aetin molecules. 

5. Start with a subthreshold stimulus and inerease 
the stimulus strength by very small inerements. 
Apply the stimulus to the nerve of muscle A and 
muscle B. If the number of motor units is the 
same for both preparations, eaeh time the 
stimulus strength is inereased the degree of 
tension produced by the muscles will also 
inerease to the same degree in eaeh muscle. If 
one muscle has more motor units than the other, 
the muscle with the greater number of motor 
units will exhibit a greater number of separate 
inereases in tension, and the magnitude of the 
inereases in tension will be smaller than those 
seen in the muscle with fewer motor units. 

6. During intense exercise, it is possible to experience 
physiologieal contracture. Being unable to either 
eontraet or relax the muscles for a short time while 
exercising suggests the existence of physiologieal 
contracture. 

7. The muscles would eontraet. ATP would be 
available to bind to the myosin heads, thus 
allowing myosin molecules to be released from 


aetin molecules. Ihe eross-bridges would 
immediately re-form, and eomplete eross-bridge 
eyeling would result in eontraetion of the muscle 
fibers. As long as Ca 2+ were present at high 
eoneentrations in the sareoplasm, eontraetion of 
the muscles would occur. If the sareoplasmie 
reticulum were intaet, ATP would be available to 
drive the aetive transport of Ca 2+ into the 
sareoplasmie reticulum. As the Ca 2+ deereased in 
the sareoplasm, relaxation would result. If the 
sareoplasmie reticulum were not intaet, however, 
and could not transport Ca 2+ into the sareoplasmie 
reticulum as fast as they leaked out, the muscle 
would remain eontraeted until it fatigued. 

8. During the 100 m raee, Shorty depended on ATP 
produced by anaerobie metabolism. Ihat 
produced an oxygen defieit at the end of the run, 
which resulted in an elevated rate of respiration 
for a time. During the longer and slower run, 
most of the ATP for muscle eontraetions was 
produced by aerobie respiration, and very little 
oxygen defieit developed. Prolonged aerobie 
respiration is required to “pay baek” the oxygen 
defieit. Shorty’s rate of respiration was, therefore, 
prolonged after the 100 m raee but not after the 
longer but slower run. 

9. The shape of an length-tension curve for skeletal 
muscle ean be seen in figure 8.17. In eontrast, a 
length-tension curve is much flatter for smooth 
muscle. That is, for eaeh inerease in the length of 
a smooth muscle fiber, there is little ehange in 
the tension produced. Smooth muscle has the 
ability to inerease in length without much 
inerease in the tension produced by the smooth 
muscle eells. 

ehapter 9 

1. Ihe muscles that flex the head also oppose extension 
of the neek. In an aeeident causing hyperextension 
of the neek, these muscles could be stretehed and 
torn. Ihe muscles involved could include 

the sternoeleidomastoid and deep anterior neek 
muscles. Automobile headrests are designed so that, 
if adjusted eorreetly, the baek of the head hits the 
headrest during a rear-end aeeident, thereby 
preventing hyperextension of the neek. 

2. Ihe only muscle that elevates the lower eyelid is 
the orbicularis oculi, which “eloses the eye.” With 
this muscle not fimetioning, the lower eyelid 
would droop. Ihe levator anguli oris, which 
elevates the angle of the mouth, was also 
apparently affeeted, allowing the eorner of the 
mouth to droop. Ihe zygomaticus major may 
also have been affeeted, as it inserts onto the 
eorner of the mouth (see figure 9.3). 

3. The genioglossus muscle protrudes the tongue. If 
it beeomes relaxed, or paralyzed, the tongue may 
fall baek and obstruct the airway. This ean be 
prevented or reversed by pulling forward and 
down on the mandible, thus opening the mouth. 
The genioglossus originates on the mental 
protuberance of the mandible. As the mandible is 
pulled down and forward, the genioglossus is 
pulled forward with the mandible, thus pulling 
the tongue forward also. 

4. Ihe rotator cuff muscles are the primary muscles 
holding the head of the humerus in the glenoid 
eavity, espeeially the supraspinatus. In faet, a torn 
rotator cuff, which usually involves a tear of the 
supraspinatus muscle, often results in disloeation of 
the shoulder. 
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6. With the quadriceps femoris paralyzed, the leg 
could not be extended, and the lower limb could 
not bear weight unless the knee were passively 
extended, such as by pushing baek on the distal end 
of the thigh with the hand. Walking would be 
almost impossible, except by taking very small steps 
and by pushing baek on the knee with eaeh step, or 
by braeing the knee in an extended position. 

7. Speedy has ruptured the ealeaneal tendon, and the 
gastrocnemius and soleus muscles have retraeted, 
thereby causing the abnormal bulging of the ealf 
muscles. Because the major plantar flexors are no 
longer eonneeted to the calcaneus, the runner 
eannot plantar flex the foot, and the foot is 
abnormally dorsiflexed because the antagonists 
have been diseonneeted. 

8. Bieeps braehii: pull-ups with hands supinated; 
Trieeps braehii: push-ups 

Deltoid: abduction of the arms to shoulder height, 
with weights in the hands (abduction past 
shoulder height involves mostly scapular rotation 
by the trapezius) 

Rectus abdominis: sit-ups to 43 degrees (sit-ups past 
45 degrees involve mostly the iliopsoas) 

Quadriceps femoris: extending the legs against a 
foree 

Gastrocnemius: plantar flexion of the feet against a 
foree, such as toe raises with a weight on the 
shoulders 

ehapter10 

1. A reduced intracellular eoneentration of K + causes 
depolarization of the resting membrane potential. 
Because the intracellular eoneentration of K + is 
reduced, the eoneentration gradient for K + from 
the inside to the outside of the plasma membrane is 
also reduced. lhus, the rate at which K + diffiise out 
of the eell is reduced, and a smaller eharge differenee 
aeross the plasma membrane is required to oppose 
the diffiision of the K + out of the eell. Therefore, 
the potential differenee aeross the plasma membrane 
is reduced, and the eell is depolarized. 

2. Because the plasma membrane is much less 
permeable to Na + than to K + , ehanges in the 
extracellular eoneentration of Na + affeet the 
resting membrane potential less than do ehanges 
in the extracellular eoneentration of K + . Iherefore, 
inereases in extracellular Na + have a minimal 
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effeet on the resting membrane potential. Because 
the membrane is much more permeable to Na + 
during the aetion potential, the elevated 
eoneentration of Na + in the extracellular fluid 
results in Na + difftising into the eell at a more 
rapid rate during the aetion potential, resulting in 
a greater degree of depolarization during the 
depolarization phase of the aetion potential. 

3. Because lithium ions reduce the permeability of 
plasma membranes to Na + , the Na + ehannels in 
the plasma membrane tend to remain elosed. A 
normal stimulus causes Na + ehannels to open, 
allowing Na + to difftise into the eell, thereby 
resulting in depolarization. Ihe eell is less 
sensitive to stimuli because the membrane is less 
permeable to Na + . 

4. Smooth muscle eells eontraet spontaneously in 
response to spontaneous depolarizations that 
produce aetion potentials. One way aetion 
potentials ean be produced spontaneously is if 
membrane permeability to Na + spontaneously 
inereases. As a result, a few Na + enter the smooth 
muscle eells and cause a small depolarizing graded 
potential. The small depolarization ean cause 
voltage-gated Na + ehannels to open, which results 
in further depolarization, thereby stimulating 
additional Na + voltage-gated ion ehannels to open. 
This positive-feedbaek eyele ean continue until the 
plasma membrane is depolarized to its threshold 
level and an aetion potential is produced. 

5. Aetion potential conduction along a myelinated 
nerve fiber is more energy-effieient because the 
aetion potential is propagated by saltatory 
conduction, which produces aetion potentials at 
the nodes of Ranvier. Compared with an 
unmyelinated nerve fiber, only a small portion of 
the myelinated neuron’s membrane has aetion 
potentials. lhus, there is less flow of Na + into the 
neuron (depolarization) and less flow of K + out of 
the neuron (repolarization). Consequently, the 
Na + —K + pump has to move fewer ions in order to 
restore ion eoneentrations. Because the Na + -K + 
pump requires ATP, myelinated axons use less ATP 
than unmyelinated axons. 

6. When the neurotoxin binds to ligand-gated Na + 
ehannels in the postsynaptie membrane of a skeletal 
muscle fiber, they open and Na + enter the eell, 
producing graded potentials. When the graded 
potentials reaeh threshold, an aetion potential is 
produced, stimulating the muscle fiber to eontraet. 
Ihe neurotoxin tends to remain bound to the 
ligand-gated Na + ehannels, however, which 
prevents ACh from binding. Thus, the nervous 
systems ability to stimulate the muscle fiber 
deereases as more and more neurotoxin binds to 
ligand-gated Na + ehannels. Because the ligand- 
gated Na + ehannels with bound neurotoxin remain 
open, Na + continue to enter the muscle fiber, 
causing its resting membrane potential to 
depolarize. Eventually, the membrane beeomes so 
depolarized that it is unresponsive to stimulation. 
Death from a eobra bite usually occurs because of 
paralysis of respiratory muscles. 

7. If the motor neurons supplying skeletal muscle 
are innervated by both excitatory and inhibitory 
neurons, bloeking the aetivity of the inhibitory 
neurons with stryehnine results in 
overstimulation of the motor neurons by the 
excitatory neurons. 

8. With aging, there is a deerease in the amount of 
myelin surrounding axons, which deereases the 
speed of aetion potential propagation. At synapses, 


there is also an inerease in the time it takes for 
aetion potentials in the presynaptie terminal to 
cause the production of aetion potentials in the 
postsynaptie membrane. It is believed this results 
from a reduced release of neurotransmitter by the 
presynaptie terminal and a reduced number of 
reeeptors in the postsynaptie membrane. 

9. Organophosphates inhibit aeetyleholinesterase, 
thereby causing an inerease in aeetyleholine in the 
synaptie eleft, leading to overproduction of aetion 
potentials, tetanus of muscles, and possible death 
resulting from respiratory failure (see ehapter 8). 
Curare is the best antidote because it bloeks the 
effeet of aeetyleholine and counteracts the 
organophosphate. Too much curare, however, ean 
cause flaeeid paralysis of the respiratory muscles. 
injeeting aeetyleholine would make the effeet of the 
organophosphate worse. Potassium ehloride causes 
depolarization of muscle eell membranes, thereby 
making them more sensitive to aeetyleholine. 

10. A Na + ehannelopathy in which Na + ehannels open 
more readily than normal or stay open longer than 
normal could cause an inereased production of 
aetion potentials. A Ca 2+ ehannelopathy in which 
more Ca 2+ than normal enter the presynaptie 
terminal could result in inereased release of 
neurotransmitter from the presynaptie terminal and 
thus an inereased production of aetion potentials. 

ehapter11 

1. Blood in the CSF taken through a spinal tap 
indieates the presenee of blood in the subarachnoid 
spaee and suggests that the patient has a damaged 
blood vessel in the subarachnoid spaee. 

2. A eondition in which a patient loses all sense of 
feeling in the left side of the baek, below the upper 
limb, and extending in a band around to the ehest, 
also below the upper limb, but all sensation on the 
right is normal, suggests that the patient’s dorsal 
roots have been damaged on the left side adjaeent 
to the part of the spinal eord supplying that part of 
the body. 

3. The phrenie nerve is cut in the thorax, and the 
surgery is performed while the lung is being 
removed. 

4. Ihe ulnar nerve supplies the medial third of the 
hand, little finger, and medial half of the ring 
finger. Ihe median nerve supplies the lateral two- 
thirds of the palm and thumb and the surface of 
the index, middle, and lateral half of the ring 
finger. Ihe radial nerve supplies the lateral two- 
thirds of the dorsum of the hand. 

5. Pulling on the upper limb when it is raised over the 
head ean damage the lower braehial plexus—in this 
ease, the origin of the ulnar nerve. The ulnar nerve 
innervates muscles that abduct/adduct the fingers 
and flex the wrist. 

6. The seiatie nerve has rootlets from L4 to S3. 
Depending on the rootlet eompressed, pain ean be 
felt in different loeations. 

7. a. obturator nerve 
b. femoral nerve 

e. seiatie (tibial) nerve 

d. obturator nerve 

e. obturator nerve, some from femoral nerve 

8. Enlargement of the lateral and third ventrieles, 
without enlargement of the fourth ventriele, 
suggests a bloekage between the third and fourth 
ventrieles in the eerebral aqueduct. This defeet, 
ealled aqueductal stenosis, is a eommon 
eongenital problem. 


9. I: Have the person deseribe the smell of something 
plaeed under his or her nose; II: test vision; 

III: test eye movements; IV: test the ability to move 
the eye down and out; V: test the sense of feeling 
in the faee; VI: test the ability to move the eye to 
the side; VII: test for the ability to taste an item on 
the front of the tongue and eheek for faeial 
expression; VIII: test the person’s ability to hear; 

IX: test the ability to swallow; X: test the ability to 
swallow; XI: test the ability of the person to turn 
the head and shrug the shoulders; XII: test the 
ability to protmde the tongue. 

10. Ihe olfaetory nerves (CN I) travel through the 
olfaetory foramina within the eribriform plate of 
the ethmoid bone as they pass from the nasal 
epithelium to the olfaetory bulbs (see table 11.2). 

In this ease, the eribriform plate of the ethmoid 
bone was probably fractured, severing the 
eonneetions of the olfaetory nerves to the olfaetory 
bulb and resulting in a loss of the sense of smell. 

ehapter12 

1. Ihe first sensations that occur when a woman 
pieks up an apple and bites into it are visual 
(speeial), taetile (general), and proprioeeptive 
(general). The woman holds the apple in her hand 
and looks at it. The taetile sensations from 
meehanoreeeptors in the hand tell her that the 
apple is firm and smooth. The proprioeeptive 
sensations originating in the joints of the hand tell 
the woman the size and shape of the apple. Visual 
input also tells her the size of the apple and that it 
has a smooth surface, as well as its eolor. As the 
woman bites into the apple and begins to chew, 
proprioeeptive sensations from the teeth and jaw 
provide information on how widely the jaws must 
be opened to aeeommodate the bite and how hard 
to bite down. Taetile sensations originating in the 
tongue and eheeks tell her the loeation of the bite 
of apple and its texture as it is moved about in the 
mouth. Taste and olfaetory sensations (speeial, 
ehemoreeeptor) provide information about the 
taste of the apple. 

2. a. Ihe most likely explanation is that the 

olfaetory neurons aeeommodate and no longer 
respond to odor stimulus. 
b. Ihe faet that one ean hear the sound when 
one tries indieates that the sensory reeeptors 
for sound have not aeeommodated and are 
still able to deteet the sound stimulus. Many 
aetion potentials arriving in the brain are 
prevented from causing conscious pereeption, 
until we consciously “pay attention” to the 
stimulus. For example, you may not be paying 
attention to general eonversations in a 
crowded room or hall, until someone says 
your name. The sound of your name leaps out 
of the surrounding babble, and you are 
suddenly interested in what was being said by 
the person who spoke your name. 

3. Constipation, with painffil distention and eramping 
of the eolon, results in the sensation of difltise pain. 
Deep, viseeral pain is not highly loealized because 
few meehanoreeeptors are present in deeper 
structures, such as the eolon. The pain is pereeived 
as occurring in the skin over the lower eentral 
portion of the abdomen (in the hypogastrie region) 
because it is referred to that loeation because of 
eonverging CNS pathways (see figure A). 

4. It is possible that the dorsal column/medial 
lemniseal system within the right side of the spinal 
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eord is damaged, and that the eortieospinal traets 
for motor eontrol and the spinothalamie traets for 
pain and temperature were not damaged. 

However, it is also possible that the dorsal column/ 
medial lemniseal system is damaged within the 
medulla oblongata, where neurons synapse and 
eross over to the left side of the brain, or within 
the traets on the left side that aseend from the 
medulla oblongata to the thalamus. Another 
possibility is damage to the eerebral cortex on the 
left side. Additional information is needed to 
determine exactly where the injury is loeated. 

5. The fibers of the dorsal column/medial lemniseal 
system earry two-point diserimination and 
proprioeeptive information. Primary neurons from 
the left side of the body aseend the spinal eord in 
the dorsal column and synapse with seeondary 
neurons in the medulla oblongata. Ihe seeondary 
neurons eross over in the upper medulla and 
aseend through the right side of the pons to the 
thalamus. A patient suffering from a loss of two- 
point diserimination and proprioeeption on the 
left side of the body as a result of a lesion in the 
medial lemniseal system in the thalamus has a 
lesion in the right side of the thalamus. 

6. Ihe damaged traets are the lateral eortieospinal 
traet, eontrolling motor fimetions on the right side 
of the body, and the lateral spinothalamie traet for 
pain and temperature sensations from the left side 
of the body. Damage to these traets in the right 
side of the spinal eord produces the observed 
symptoms because, in the eord the lateral 
spinothalamie traet erosses over at the level of 
entry and is therefore loeated on the opposite side 
of the eord from its peripheral nerve endings, 
whereas the eortieospinal traet lies on the same 
side of the eord as its target muscles. 

7. The right eerebral cortex eontrols the left side of 
the body. Ihe motor cortex has a topographie 
representation of the opposite side of the body, 
with the hand, forearm, arm, and shoulder loeated 
approximately in the eenter of the preeentral 
gyrus. The lesion is therefore in the eenter of the 
right preeentral gyrus of the eerebmm. Some 
grosser eontrol of the left-upper limb may still 
exist because of the indireet pathways. 

8. Ihe deseending pathway affeeted is most likely the 
eortieospinal traet. The lesions in the eerebral cortex 
would have to be eontralateral to the affeeted side. 
This is because deseending pathways arising from 
the eerebral cortex eross over at the medulla 
oblongata (lateral eortieospinal traet) and spinal eord 
(anterior eortieospinal traet) before they synapse 
with lower motor neurons. 

9. Damage to the cerebellum ean result in deereased 
muscle tone, balanee impairment, a tendeney to 
overshoot when reaehing for or touching 
something, and an intention tremor. These 
symptoms are opposite to those seen with basal 
ganglia dysfimetion. Cerebellar dysfimetion 
exhibits symptoms very similar to those seen in an 
inebriated person, and the same tests ean be 
applied, such as having the person touch his or her 
nose or walk a straight line. 

ehapter13 

1. Ihe lens of the eye is biconvex and causes light 
rays to eonverge. If the lens is removed, the 
replaeement lens should also cause light rays to 
eonverge. A biconvex lens or a lens with a single 
convex surface would work. Bifoeals or trifoeals 


ean also be reeommended because of the loss of 
aeeommodation. 

2. Ihe tapetum lucidum inereases the sensitivity of 
the eye to light, which ean be an advantage when 
light levels are low. Photoreeeptors ean be 
stimulated twice: onee as light passes through 
the photoreeeptor layer of the retina on its way 
to the tapetum lucidum (part of the pigmented 
retina), again when the light is refleeted baek. 

Ihe disadvantage of a tapetum lucidum is a 
deerease in visual acuity because the same light 
image ean stimulate different photoreeeptors, 
which ean cause blurring of vision. 

3. Carrots eontain vitamin A (retinoie aeid), which 
ean be used to form retinal. Retinal and opsin 
eombine to form rhodopsin, which is found in 
rods. Rhodopsin is neeessary for rods to respond to 
low levels of light. Laek of vitamin A ean result in 
laek of rhodopsin and night blindness. 

4. When Jean looks a few inehes to the side, the 
image of the needle and thread is projeeted to the 
periphery of the retina, where there is the highest 
eoneentration of rods. The rods fimetion better 
than eones in low-light intensities. If Jean looks 
direetly at the needle and thread, their image falls 
on the macula, which has few rods and mostly 
eones, which do not fimetion well in dim light. By 
looking to the side, however, she is using a part of 
the retina where the photoreeeptor eells are not as 
densely paeked as in the macula, and the image is 
fuzzy rather than sharp. 

3. This phenomenon is ealled a negative afterimage. 
While a man is staring at the eloek, the darkest 
portion of the image (the blaek eloek) causes dark 
adaptation in part of the retina. Ihat is, part of the 
retina beeomes more sensitive to light. At the same 
time, the lightest part of the image (the white wall) 
causes light adaptation in the rest of the retina, 
and that part of the retina beeomes less sensitive to 
light. When the man looks at a blaek wall, the 
dark-adapted portion of the retina, which is more 
sensitive to light, produces more aetion potentials 
than does the light-adapted part of the retina. 
Consequently, he pereeives a light eloek against a 
darker background. 

6. A lesion of the left optie traet results in visual loss in 
right temporal and right nasal visual fields. 

7. Normally, as external pressure ehanges, the 
auditory tubes open to allow an equalization of 
pressure between the middle ear and the external 
environment. As a diver deseends, external water 
pressure on the tympanie membrane inereases. 
This is countered by inereased air pressure from 
the SCUBA tank. The same effeet occurs in 
reverse when a diver aseends. As long as the 
acoustic tube is open to allow equalization of 
pressure, all is well. If the auditory tube does not 
open, however, the pressure differenee ean 
rupture the tympanie membrane, resulting in 
impairment of hearing. Having a eold ean 
inerease the likelihood of damage to the 
tympanie membrane. A eold ean cause 
inflammation of the auditory tube. Swelling and 
bloekage of the tube by mucus ean prevent 
equalization of pressure between the middle ear 
and the external environment. 

8. Ihe stapedius muscle, attaehed to the stapes, is 
innervated by the faeial nerve (VII). Loss of faeial 
nerve fimetion eliminates part of the sound 
attenuation reflex, although not all of it because the 
tensor tympani muscle, innervated by the 
trigeminal nerve, is still fimetional. A reduction in 


the sound attenuation reflex results in loud sounds 
being excessively loud in the affeeted ear. A reduced 
reflex ean also leave the ear more susceptible to 
damage by prolonged loud sounds. 

9. Normally, airborne sounds cause the tympanie 
membrane to vibrate, resulting in the movement 
of the middle ear ossieles and the production of 
sound waves in the perilymph of the seala 
vestibuli. Vibration of the skull bones ean also 
cause vibration of the perilymph in the seala 
vestibuli. 

ehapter14 

1. Cutting the preganglionie fibers in the white rami of 
T2-T3 is the best way to eliminate innervation of 
the blood vessels in the skin. Gitting the gray rami 
at levels T2—T3 is inappropriate because the 
postganglionie fibers that innervate the hand blood 
vessels exit from the first thoraeie and inferior 
eervieal sympathetie ehain ganglia. Cutting the 
spinal nerves is inappropriate because it eliminates all 
sensory and motor fimetions to the area supplied. 

2. The sympathetie division of the ANS is responsible 
for dilation of the pupil. Preganglionie fibers from 
the upper thoraeie region of the spinal eord pass 
through spinal nerves (Tl and T2), into the white 
rami communicantes, and into the sympathetie 
ehain ganglia. Ihe preganglionie fibers aseend the 
sympathetie ehain and synapse with postganglionie 
neurons in the superior eervieal sympathetie ehain 
ganglia. The axons of the postganglionie neurons 
leave the sympathetie ehain ganglia as small nerves 
that projeet to the iris of the eye. 

3. Reduced salivary and laerimal gland seeretions 
ean indieate damage to the faeial nerves, which 
innervate the submandibular, sublingual, and 
laerimal glands. Ihe glossopharyngeal nerves 
innervate the parotid glands. 

4. a. pelvie splanehnie nerves 
b. gray rami 

e. vagus nerves 

d. oculomotor nerve 

e. pelvie splanehnie nerves 

5. The parasympathetie division innervates the heart 
through the vagus nerves. The postganglionie nerve 
fibers of the vagus nerves release aeetyleholine, 
which reduces heart rate. Methaeholine ean bind to 
the same reeeptors as aeetyleholine and reduce 
heart rate. Side effeets result from stimulating other 
parasympathetie effeetor organs. For example, 
stimulating the salivary glands results in inereased 
salivation. Dilation of the pupils and sweating are 
effeets expected from sympathetie stimulation. Ihe 
muscles of respiration are not regulated by the 
ANS, but they do respond to aeetyleholine through 
somatie motor neurons. Methaeholine would be 
expected to make eontraetions of respiratory 
muscles more likely. 

6. inaetivation of aeetyleholinesterase results in a 
buildup of aeetyleholine in synapses and 
overstimulation of muscarinic reeeptors. One would 
expect mostly parasympathetie effeets because the 
effeets of aeetyleholine are enhaneed: blurring of 
vision as a result of eontraetion of eiliary muscles, 
excess tear formation because of overstimulation of 
the laerimal glands, and frequent or involuntary 
urination because of overstimulation of the urinary 
bladder. Pallor resulting from vasoeonstrietion in 
the skin is a sympathetie effeet that would not be 
expected because skin blood vessels respond to 
norepinephrine. Muscle twitching or eramps of 
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skeletal muscles might occur because they normally 
respond to aeetyleholine. Atropine, a muscarinic 
bloeking agent, ean be used to treat exposure to 
malathion. 

7. Epinephrine causes vasoeonstrietion and eonfmes 
the drug to the site of administration. This 
inereases the drugs duration of aetion loeally and 
deereases its systemie effeets. Vasoeonstrietion also 
reduces bleeding if a dry field (an area elear of 
blood on its surface) is required. 

8. Because normal aetion potentials are produced, the 
drug does not aet at the synapse between the 
preganglionie and postganglionie neurons. Because 
injeeted norepinephrine works, sympathetie 
reeeptors in the heart are functioning and are not 
affeeted by the drug. Therefore, the drug must 
somehow affeet the postganglionie neurons. Possibly 
it inhibits neurotransmitter production or release 
from the postganglionie neurons. 

9. a. Responses in a person who is extremely angry 

are primarily eontrolled by the sympathetie 
division of the ANS. These responses include 
inereased heart rate and blood pressure, 
deereased blood fìow to the internal organs, 
inereased blood flow to skeletal muscles, 
deereased eontraetions of the intestinal smooth 
muscle, flushed skin in the faee and neek 
region, and dilation of the pupils of the eyes. 
b. For a person who has just finished eating and is 
now relaxing, the parasympathetie reflexes are 
more important than sympathetie refìexes. The 
blood pressure and heart rate are at normal 
resting levels, the blood flow to the internal 
organs is greater, eontraetions of smooth muscle 
in the intestines are greater, and seeretions that 
aehieve digestion are more aetive. If the urinary 
bladder or the eolon beeomes distended, 
autonomic reflexes that result in urination or 
defeeation ean result. Blood flow to the skeletal 
muscles is reduced. 

ehapter15 

1. When the hormone binds to its reeeptor, the 
reeeptor ehanges shape and a G protein binds to the 
reeeptor and GDP detaehes from the a subunit of 
the G protein. Normally, GTP would then attaeh 
to the a subunit. If this does not happen because of 
the genetie disease, then the a subunit is not 
aetivated and there is no response to the hormone. 

2. Phosphodiesterase causes the eonversion of eAMP 
to AMP, thus reducing the eoneentration of eAMP. 
A drug that inhibits phosphodiesterase, therefore, 
inereases the amount of eAMP in eells where 
eAMP is produced. Therefore, an inhibitor of 
phosphodiesterase inereases the response of a tissue 
to a hormone that has eAMP as an intracellular 
mediator. 

3. If liver disease results in a deerease of plasma 
proteins to which thyroid hormones bind, higher 
than normal eoneentrations of free (unbound) 
thyroid hormones occur in the circulatory system. 
Because of the higher than normal eoneentration of 
thyroid hormones that are unbound, the responses 
to thyroid hormones inerease. In addition, the half- 
life of the thyroid hormones is shortened. Thus, 

as thyroid hormone seeretion inereases, the 
eoneentration of thyroid hormone also inereases. 

As the thyroid hormone seeretion deereases, the 
eoneentration of thyroid hormone also deereases. 
Thyroid hormones fluctuate in eoneentration in the 
circulatory system more than normal. 


4. Usually, membrane-bound reeeptor meehanisms 
respond quickly, and the hormone’s effeet is brief. 
Intracellular reeeptor meehanisms usually take a 
long time (several hours) to respond, and their 
effeets last much longer. If the hormone is large 
and water-soluble, it is probably functioning 
through a membrane-bound reeeptor meehanism; 
if the hormone is lipid-soluble, it is probably an 
intracellular reeeptor meehanism. If you have the 
ability to monitor the eoneentration of a suspected 
intracellular mediator aetivated by the membrane- 
bound reeeptor and it inereases in response to the 
hormone, or if you ean inhibit the synthesis of an 
intracellular mediator and it prevents the target 
eells’ response to the hormone, it is a membrane- 
bound reeeptor meehanism. If you ean inhibit the 
synthesis of mRNA and this inhibits the aetion of 
the hormone, or if you ean measure an inerease in 
mRNA synthesis in response to the hormone, then 
the meehanism is an intracellular reeeptor 
meehanism. 

5. The hypothalamohypophysial portal system allows 
releasing and inhibiting hormones, which are 
seereted by neurons in the hypothalamus, to be 
earried direetly from the hypothalamus to the 
anterior pituitary gland. Consequently, the releasing 
and inhibiting hormones are not diluted or 
destroyed by the enzymes, which are abundant in 
the kidneys, liver, lungs, and general circulation, 
before they reaeh the anterior pituitary. Also, the 
time it takes for releasing and inhibiting hormones 
to reaeh the anterior pituitary is less than if they were 
seereted into the general circulation. 

6. Ihe symptoms are eonsistent with aeromegaly, 
which is a consequence of elevated GH seeretion 
after the epiphyses have elosed. inereased GH 
causes enlarged finger bones, the growth of bony 
ridges over the eyes, and inereased growth of the jaw. 
Ihe GH also causes bone deposition on the inner 
surface of skull bones, which inereases the pressure 
inside the skull. Ihe visual disturbances result from 
pressure on the optie ehiasm. The pituitary gland 
rests in the sella turcica of the sphenoid bone next 
to the optie ehiasm. As the pituitary gland enlarges 
because of the tumor, it presses on the optie 
ehiasm. 

7. If hyperthyroidism results from a pituitary 
abnormality, laboratory tests should show elevated 
TSH levels in the circulatory system in addition to 
elevated thyroid hormone levels. If hyperthyroidism 
results from the production of a nonpituitary 
thyroid-stimulating substance, laboratory tests 
should also show elevated thyroid hormone levels, 
but TSH levels will be low because of the negative- 
feedbaek effeets of thyroid hormones on the 
hypothalamus and pituitary gland. 

8. Ihe seeond student is eorreet. Low levels of vitamin 
D reduce Ca + uptake in the gastrointestinal traet, 
which results in a deereased blood Ca + levels. As 
blood Ca + levels deerease, the rate of PTH 
seeretion inereases. Parathyroid hormone inereases 
bone breakdown, which maintains blood calcium 
levels, even if vitamin D defieieney exists for a 
prolonged time. Osteomalaeia results because of the 
inereased bone breakdown neeessary to maintain 
normal blood Ca + levels. 

9. A glucose toleranee test ean distinguish between 
these eonditions. Ihe person would consume glucose 
after a period of fasting. Over the next few hours, the 
blood glucose levels in a healthy person would 
inerease and then return to fasting levels. Ihe blood 
glucose levels would ahvays remain within the 


normal range, however. In a person with diabetes, 
the blood glucose levels would inerease to above 
normal levels and would remain elevated for several 
hours. In a person who seereted large amounts of 
insulin, blood glucose levels would inerease, and then 
they would deerease to below normal levels within a 
relatively short time. 

10. Adrenal diabetes results from the elevated and 
uncontrolled seeretion of glucocorticoid 
hormones, such as eortisol, from the adrenal 
gland. Elevated levels of glucocorticoids cause 
elevated blood glucose levels and symptoms similar 
to those of diabetes mellitus. Pituitary diabetes 
results from elevated seeretion of GH from the 
anterior pituitary. Elevated GH levels cause an 
inerease in blood glucose levels and, therefore, 
produce symptoms similar to diabetes mellitus. 
Prolonged elevation of both glucocorticoids and 
growth hormone seeretion ean lead to the 
development of diabetes mellitus if the insulin- 
seereting eells of the panereatie islets degenerate 
because of the prolonged need to seerete insulin in 
response to the elevated blood glucose levels. 

11. Because the person is a diabetie and probably is 
taking insulin, the eondition is more likely to be 
insulin shoek than a diabetie eoma. To eonfirm the 
eondition, however, a blood sample should be 
taken. If the eondition is due to a diabetie eoma, 
the blood glucose levels will be elevated. If the 
eondition is due to insulin shoek, the blood glucose 
levels will be below normal. In the ease of insulin 
shoek, glucose ean be administered intravenously. 

In the ease of diabetie eoma, insulin should be 
administered. An isotonie solution eontaining 
insulin ean be administered to reduce the osmolality 
of the extracellular fluid. 

12. Low levels of insulin or insulin resistanee, as in 
diabetes mellitus, ean result in the production of a 
large volume of urine eontaining glucose. Low 
levels of ADH deerease water reabsorption by the 
kidneys, resulting in the production of a large 
volume of urine with few ions and no glucose. 
Polyuria and polydipsia are eonsistent with low 
levels of insulin and ADH. Ihe administration of 
ADH is reeommended. 

ehapter16 

1. Because of the rapid destmetion of the red blood 
eells, we would expect erythropoiesis to inerease in 
an attempt to replaee the lost red blood eells. Ihe 
reticulocyte count would therefore be above 
normal. Jaundice is a symptom of hereditary 
hemolytie anemia because the destroyed red blood 
eells release hemoglobin, which is eonverted into 
bilimbin. Removal of the spleen cures the disease 
because the spleen is the major site of red blood 
eell destruction. 

2. Blood doping inereases the number of red blood 
eells in the blood, thereby inereasing its oxygen- 
earrying eapaeity. Ihe inereased number of red 
blood eells also makes it more difficult for the 
blood to flow through the blood vessels, inereasing 
the heart’s workload. 

3. Removal of the stomaeh removes intrinsie faetor, 
which is neeessary for vitamin B 12 absorption. 
Iherefore, the patient develops pernicious anemia. 
Laek of stomaeh aeid ean deerease iron absorption 
in the small intestine and results in iron- 
defieieney anemia. 

4. Hypoventilation results in deereased blood oxygen 
levels, which stimulate erythropoiesis. Iherefore, 
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the number of red blood eells inereases and 
produces seeondary polyeythemia. 

5. The anemia results from too little hemoglobin. 
Because there is less hemoglobin, less hemoglobin 
is broken down into bilirubin. Consequently, less 
bilirubin is excreted as part of the bile into the 
small intestine. With deereased bilimbin in the 
intestine, baeteria produce fewer of the pigments 
that normally eolor the feees. 

6. Platelets beeome aetivated at sites of tissue 
damage, where it is advantageous to form a elot to 
stop bleeding. 

7. Vitamin B 12 and folie aeid are neeessary for blood 
eell division. Laek of these vitamins results in 
pernicious anemia. Iron is neeessary for the 
production of hemoglobin. Laek of iron results in 
iron-defieieney anemia. Vitamin K is neeessary for 
the production of many blood elotting faetors. 

Laek of vitamin K ean greatly inerease blood 
elotting time, resulting in excessive bleeding. 

8. Symptoms resulting from deereased red blood eells 
are assoeiated with a deereased ability of the blood to 
earry oxygen: shortness of breath, weakness, fatigue, 
and pallor. Symptoms resulting from deereased 
platelets are assoeiated with a deereased ability to 
form platelet plugs and elots: small areas of 
hemorrhage in the skin (peteehiae), bruises, and 
deereased ability to stop bleeding. Symptoms 
resulting from deereased white blood eells include an 
inereased susceptibility to infeetions. 

9. Reddie Popper has hemolytie anemia. Ihe RBC is 
lower than normal because the red blood eells are 
being destroyed faster than they are being 
replaeed. With fewer red blood eells, hemoglobin 
and hematoerit levels are lower than normal. 
Bilirubin levels are above normal because of the 
breakdown of the hemoglobin released from the 
ruptured red blood eells. 

ehapter17 

1. A drug that prolongs the plateau phase of the 
aetion potential slows heart rate because it 
prolongs the time eaeh aetion potential exists and 
inereases the absolute refraetory period. A drug 
that shortens the plateau phase of the aetion 
potential inereases heart rate because it shortens 
the length of time eaeh aetion potential exists and 
deereases the absolute refraetory period. 

2. During systole, the eardiae muscle in the right and 
left ventrieles eontraets, which eompresses the 
eoronary arteries. During diastole, the eardiae 
muscle of the ventrieles relaxes and blood flow 
through the eoronary arteries inereases. Ihe 
diastolie pressure is sufficient to cause blood to 
flow through eoronary arteries during diastole. 

3. An ECG measures the eleetrieal aetivity of the 
heart and does not indieate a slight heart murmur. 
Heart murmurs are deteeted by listening to the 
heart sounds. Ihe boy may have a heart murmur, 
but the mother does not understand the basis for 
making such a diagnosis. 

4. Most of the ventricular eontraetion occurs 
between the first and seeond heart sounds of the 
same beat. Between the first and seeond heart 
sounds, blood therefore is ejeeted from the 
ventrieles into the pulmonary trunk and the aorta. 
Between the seeond heart sound of one beat and 
the first heart sound of the next beat, the ventrieles 
are relaxing and the semilunar valves are elosed. 

No blood passes from the ventrieles into the aorta 
or pulmonary trunk during that period. 


3. Atrial eontraetions eomplete ventricular filling, but 
atrial eontraetions are not primarily responsible for 
ventricular filling. Therefore, even if the atria are 
fibrillating, blood ean still flow into the ventrieles 
and ventricular eontraetions ean occur. As long as 
the ventrieles eontraet rhythmieally, the heart ean 
pump an adequate amount of blood, even though 
the atria are not effeetive pumps. If the ventrieles fail 
to eontraet foreefitlly and rhythmieally, however, 
they eannot fimetion as pumps. lhus, the stroke 
volume will beeome too low to maintain adequate 
blood flow to tissues. Iherefore, atrial transplants are 
not essential but ventriele transplants are. 

6. Cardiac output is influenced by the heart rate and 
stroke volume (CO = SV X HR). An athlete’s 
eardiae output ean be equal to a nonathlete’s 
eardiae output while they are both at rest, even 
though the athletes heart rate is lower than the 
nonathlete’s heart rate because the stroke volume 
of the athlete’s heart is greater than the stroke 
volume of the nonathlete’s heart. Athletie training 
causes a gradual hypertrophy (enlargement) of the 
heart. Iherefore, athletes ean maintain a eardiae 
output that is equal to a nonathlete’s because they 
have an inereased stroke volume, but a deereased 
heart rate. During exercise the athlete’s heart rate 
and stroke volume inerease. Ihe stroke volume of 
the athletes heart is much greater than the stroke 
volume of the nonathlete’s. Iherefore, the eardiae 
output of the athlete’s heart is greater than the 
eardiae output of the nonathletes during exercise, 
even though they have same maximum heart rate. 

7. Consuming a large amount of fluid inereases the 
total volume of the blood, at least until the 
meehanisms that regulate blood volume deerease the 
blood volume to normal values. If the blood volume 
is inereased, it causes an inerease in venous return to 
the heart. Because of the Starling law of the heart, 
the inereased venous return results in an inereased 
stroke volume. Meehanisms that regulate blood 
pressure, such as the baroreeeptor reflex, would 
prevent a large inerease in blood pressure. Therefore, 
there may be an inereased stroke volume but the 
blood pressure would not inerease dramatieally. 

8. Ihe Starling law of the heart is an intrinsie 
regulatory meehanism, whereas parasympathetie 
innervation of the heart is a eomponent of the 
extrinsic regulation of the heart. Cutting the vagus 
nerve does not signifieantly affeet the ability of the 
Starling law of the heart to operate. 

9. Cutting sensory nerve fibers from baroreeeptors 
would reduce the frequency of aetion potentials 
delivered to the medulla oblongata from the 
baroreeeptors. Ihis results because the normal 
blood pressure stimulates the baroreeeptors. An 
inerease in blood pressure inereases the aetion 
potential frequency and a deerease in blood 
pressure deereases the aetion potential frequency. 
Because cutting the sensory nerve fibers deereases 
the aetion potential frequency, this aets as a signal 
to the medulla oblongata that a deerease in blood 
pressure has occurred, even though the blood 
pressure has not deereased. The medulla oblongata 
responds by inereasing sympathetie aetion 
potentials and reducing parasympathetie aetion 
potentials delivered to the heart. Consequently, 
the heart rate inereases. 

10. Ihe two heartbeats occurring elose together ean be 
heard through the stethoseope, because the heart 
valves open and elose normally during eaeh of the 
heartbeats even if they are elose together. The 
seeond heartbeat, however, produces a greatly 


reduced stroke volume because there is not enough 
time for the ventrieles to fill with blood between the 
first and seeond eontraetions of the heart. Thus, the 
preload is reduced. Because the preload is reduced, 
the seeond heartbeat has a greatly reduced stroke 
volume. The reduced stroke volume fails to produce 
a normal pulse. The pulse defieit, therefore, results 
from the reduced stroke volume of the seeond of 
the two beats that are very elose together. 

11. Venous return deelines markedly in hemorrhagie 
shoek because of the loss of blood volume. With 
deereased venous return, stroke volume deereases 
(Starling law of the heart). Ihe deereased stroke 
volume results in a deereased eardiae output, 
which produces a deereased blood pressure. In 
response to the deereased blood pressure, the 
baroreeeptor reflex causes an inerease in heart rate 
in an attempt to restore normal blood pressure. 
However, with inadequate venous return the 
inereased heart rate is not able to restore normal 
blood pressure. 

ehapter 18 

1. a. aorta, left eoronary artery, circumflex artery, 

posterior interventricular artery or aorta, right 
eoronary artery, posterior interventricular artery 
b. aorta, braehioeephalie artery, right eommon 
earotid artery, right internal earotid artery or 
aorta, left eommon earotid artery, left internal 
earotid artery 

e. aorta, braehioeephalie artery, right subclavian 
artery, right vertebral artery, basilar artery 
or aorta, left subclavian artery, left vertebral artery, 
basilar artery 

d. aorta, left or right eommon earotid artery, left 
or right external earotid artery 

e. aorta, left subclavian artery, axillary artery, 
braehial artery, radial or ulnar artery, deep or 
superficial palmar areh, digital artery (on the 
right: the braehioeephalie artery would be 
included) 

f. aorta, eommon iliae artery, external iliae 
artery, femoral artery, popliteal artery, anterior 
tibial artery 

g. aorta, eeliae artery, eommon hepatie artery 

h. aorta, superior mesenterie artery, intestinal 
branehes 

i. aorta, left or right internal iliae artery 

2. a. great eardiae vein, eoronary sinus or anterior 

eardiae vein 

b. transverse sinus, sigmoid sinus, internal 
jugular vein, braehioeephalie vein, superior 
vena eava 

e. retromandibular vein, external jugular vein, 
subclavian vein, braehioeephalie vein, superior 
vena eava 

d. deep: vein of hand, radial or ulnar vein, braehial 
vein, axillary vein, subclavian vein, 
braehioeephalie vein, superior vena eava 
superficial: vein of hand, radial or ulnar vein, 
eephalie or basilie vein, axillary vein, subclavian 
vein, braehioeephalie vein, superior vena eava 

e. deep: vein of foot, dorsalis veins of foot, 
anterior tibial vein, popliteal vein, femoral 
vein, external iliae vein, eommon iliae vein, 
inferior vena eava 

superficial: vein of foot, great saphenous vein, 
external iliae vein, eommon iliae vein, inferior 
vena eava; or vein of foot, small saphenous vein, 
popliteal vein, femoral vein, external iliae vein, 
eommon iliae vein, inferior vena eava 



Appendix F 


A-14 


f. gastrie vein or gastroomental vein, hepatie 
portal vein, hepatie sinusoids, hepatie vein, 
inferior vena eava 

g. renal vein, inferior vena eava 

h. hemiazygos vein or aeeessory hemiazygos vein, 
azygos vein, superior vena eava 

3. A superficial vessel is easiest, such as the right 
eephalie or basilie vein. Ihe eatheter is passed 
through the eephalie (or braehial) vein and the 
superior vena eava to the right atrium. Because the 
pulmonary veins are not readily aeeessible, dye is 
not normally plaeed direetly into them. Instead, 
the dye is plaeed in the right atrium using the 
procedure just deseribed. The dye passes from the 
right atrium into the right ventriele, the pulmonary 
arteries, the lungs, the pulmonary veins, and the 
left atrium. If the eatheter has to be plaeed in the 
left atrium, it ean be inserted through an artery, 
such as the femoral artery, and passed via the aorta 
to the left ventriele and then into the left atrium. 

4. Ihe viseosity of the blood is affeeted primarily by 
the hematoerit. As hematoerit inereases, the 
viseosity of the blood inereases logarithmieally so 
that even a small inerease in hematoerit results in a 
large inerease in viseosity. Greater foree is therefore 
not needed to cause blood to flow through the 
blood vessels. With the inereased blood volume, 
blood flow through vessels is adequate without an 
inerease in viseosity. 

5. The vein beeomes larger when the hand is lowered 
and smaller when the hand is raised. Lowering the 
hand inereases the hydrostatie pressure in the vein. 
Ihe vein expands and fills with blood because 
veins are eompliant and easily distended. Raising 
the hand deereases the hydrostatie pressure and the 
vein holds less blood and beeomes smaller. 

6. Ihe nursing student’s diagnosis was ineorreet. 
Blood pressure measurements are normally made 
in either the right or the lefit arm, both of which 
are elose to the level of the heart. Blood pressure 
taken in the leg is influenced by pressure ereated 
by the pumping aetion of the heart, but the effeet 
of gravity on the blood, as it flows into the leg, 
also influences the blood pressure in a substantial 
way. In this ease, gravity inereases blood pressure 
from about 120 mm Hg for the systolie pressure 
to 210 mm Hg. 

7. Deereased liver flmetion includes a deerease in the 
synthesis of plasma proteins, such as blood 
elotting faetors (see ehapter 16). Consequently, the 
eoneentration of plasma proteins deereases. Less 
water moves by osmosis into the eapillaries at the 
venous ends and the result is edema. 

8. Veins and lymphatie vessels have one-way valves in 
them. Massage ereates a eyele of inereasing and 
deereasing pressure to the veins, which 
rhythmieally eompresses them. The eompression of 
the veins forees fluid to move out of the limb 
through both veins and lymphatie vessels. Ihe 
movement of fluid through the veins lowers the 
pressure within the venous end of the eapillary. 
lhus, the forees that move fluid into the eapillaries 
at their venous ends are greater and they move 
more interstitial fluid into the eapillaries. 
Compression of the lymphatie eapillaries also 
causes more lymphatie fluid to move into the 
lymphatie vessels. Because there is less fluid in the 
limb, the edema deereases. 

9. The hot Jacuzzi inereases Skinny’s skin and body 
temperature. As a result, the blood vessels of the 
skin dilate. Because the blood vessels dilate, 
peripheral resistanee deereases, causing the blood 


pressure to deerease. The baroreeeptors of the 
earotid sinus and aortie areh deteet the deerease in 
blood pressure and send aetion potentials to the 
cardioregulatory eenter in the medulla oblongata. 
As a result, parasympathetie stimulation of the 
heart deereases and sympathetie stimulation to the 
heart inereases. Heart rate and foree of eontraetion 
inerease, which elevates the blood pressure baek to 
within its normal range of values. 

10. Heart rate inereases to approximately 100 beats/ 
minute because of withdrawal of parasympathetie 
stimulation. Heart rate could inerease another 
20 beats/minute because of the adrenal medullary 
meehanism. Laek of sympathetie stimulation of the 
heart results in less foree of eontraetion, so end- 
diastolie volume should remain unchanged. Stroke 
volume inereases, however, because end-systolie 
volume inereases as a result of inereased venous 
return. Venous return inereases because blood flow 
through exercising muscles inereases as a result of 
loeal eontrol meehanisms. The inereased venous 
return inereases stroke volume (Starling law). The 
inereased heart rate and stroke volume tend to 
inerease blood pressure. The vasodilation effeets in 
exercising skeletal muscle, however, lower peripheral 
resistanee. Without sympathetie stimulation of 
blood vessels, the normal vasoeonstrietion seen in 
exercise does not occur. Consequently, peripheral 
resistanee drops. Ihe deerease in peripheral 
resistanee is so large that it more than eaneels the 
effeets of inereased heart rate and stroke volume. 
The result is a drop in blood pressure. 

ehapter19 

1. Normally, T eells are proeessed in the thymus and 
then migrate to other lymphatie tissues. Without 
the thymus, this proeessing is prevented and the 
number of lymphoeytes is greatly reduced. Ihe loss 
of T eells results in an inereased susceptibility to 
infeetion and an inability to rejeet grafts because of 
the loss of eell-mediated immunity. In addition, 
sinee helper T eells are involved with the aetivation 
of B eells, antibody-mediated immunity is 

also depressed. 

2. That there is no immediate effeet indieates there is a 
reservoir of T eells in the lymphatie tissue. As the 
reservoir is depleted through time, the number of 
lymphoeytes deereases and eell-mediated immunity 
is depressed, the animal is more susceptible to 
infeetions, and the ability to rejeet grafts deereases. 
The ability to produce antibodies deereases because 
of the loss of helper T eells that are normally 
involved with the aetivation of B eells. 

3. Injeetion B results in the greatest amount of 
antibody production. At first, the antigen causes a 
primary response. A few weeks later, the slowly 
released antigen causes a seeondary immune 
response, resulting in a greatly inereased 
production of antibodies. injeetion A does not 
cause a seeondary immune response because all of 
the antigen is eliminated by the primary immune 
response. 

4. The infant’s antibody-mediated immunity is not 
flmetioning properly, whereas his eell-mediated 
immunity is working properly. This explains the 
susceptibility to extracellular baeterial infeetions 
and the resistanee to intracellular viral infeetions. It 
took so long to beeome apparent because IgG from 
the mother erossed the plaeenta and provided the 
infant with proteetion. Ihe infant began to get siek 
after these antibodies degraded. 


5. Red bone marrow is the source of the lymphoeytes 
responsible for adaptive immunity. If successful, the 
transplanted bone marrow starts producing 
lymphoeytes and the baby has a ftmetioning 
immune response. In this ease, there is a graft versus 
host rejeetion in which the lymphoeytes in the 
transplanted red bone marrow mount an immune 
attaek against the baby s tissues, resulting in death. 

6. At the first loeation, an antibody-mediated 
response results in an immediate hypersensitivity 
reaetion, which produces inflammation. Most 
likely, the response resulted from IgE antibodies. 

At the seeond loeation, a eell-mediated response 
results in a delayed hypersensitivity reaetion, 
which produces inflammation. At the other 
loeations, there is neither an antibody-mediated 
nor a eell-mediated response. 

7. The ointment is a good idea for the poison ivy, 
which causes a delayed hypersensitivity reaetion— 
for example, too much inflammation. For the 
serape, it is a bad idea because a normal amount 
of inflammation is benefieial and helps fight 
infeetion in the serape. 

8. Because both antibodies and eytokines produce 
inflammation, the faet that the metal in the jewelry 
results in inflammation is not enough information 
to answer the question. However, the faet that it 
took most of the day (many hours) to develop the 
reaetion indieates a delayed hypersensitivity 
reaetion and therefore eytokines. 

9. If the patient has already been vaeeinated, the 
booster shot stimulates a seeondary immune 
response and rapid production of antibodies against 
the toxin. If the patient has never been vaeeinated, 
vaeeinating now is not effeetive because there is not 
enough time for the patient to develop his or her 
own primary immune response. Therefore, 
antiserum is given to provide immediate, but 
temporary, proteetion. Sometimes both are given: 
Ihe antisemm provides short-term proteetion and 
the tetanus vaeeine stimulates the patient’s immune 
system to provide long-term proteetion. If the shots 
are given at the same loeation in the body, the 
antisemm (antibodies against the tetanus toxin) ean 
eaneel the effeets of the tetanus vaeeine (tetanus 
toxin altered to be nonharmftil). 

ehapter 20 

1. Minute respiratory volume is equal to the 
respiration rate times the tidal volume. With a 
respiration rate of 12 breaths per minute and a 
tidal volume of 500 mL per breath, normal 
minute ventilation is 6000 mL/min (12 X 500). 
Rapid (24 breaths per minute), shallow (250 mL 
per breath) breathing results in the same minute 
ventilation—that is, 6000 mL/min (24 X 250). 
Alveolar ventilation rate (Va) is the respiratory rate 
(frequency; f) times the differenee between the 
tidal volume (Vt) and dead spaee (Vd). 

V a = f(V T - V D ) 

Normal resting Va = 12 X (500 — 150) = 

4200 mL/min 

In this ease of rapid, shallow breathing, 

V A = 24 X (250 - 150) = 2400 mL/min 

lhus, even though the minute ventilation is the 
same in both eases, the alveolar ventilation rate is 
less during rapid, shallow breathing because there 
is a less effeetive exchange of gases between the 
atmosphere and the dead spaee. Because there is 
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less exchange of gases, the partial pressures of 
alveolar gases beeome eloser to the partial pressure 
of blood gases. Consequently, the alveolar partial 
pressure of O 2 deereases and the alveolar partial 
pressure of C02 inereases. This deereases the 
eoneentration gradients for gases, resulting in less 
gas exchange between alveolar air and blood. 

2. We expect vital eapaeity to be greatest when 
standing because the abdominal organs move 
inferiorly, thereby allowing greater depression of 
the diaphragm and a greater inspiratory reserve 
volume. 

3. The hose inereases dead spaee and therefore 
deereases alveolar ventilation. Ima Diver has to 
eompensate by inereasing respiratory rate or tidal 
volume. If the hose is too long, she will not be able 
to eompensate. Furthermore, with a long hose, air 
is simply moved baek and forth in the hose with 
little exchange of air between the atmosphere and 
the lungs taking plaee. Another eonsideration is 
the effeet of water pressure on the thorax, which 
deereases eomplianee and inereases the work of 
ventilation. In faet, a few feet underwater there is 
enough pressure on the thorax to prevent the 
intake of air, even through a short hose eonneeted 
to the atmosphere. 

4. The inerease in atmospherie pressure inereases the 
partial pressure of oxygen. Aeeording to Henry’s 
law, as the partial pressure of oxygen inereases, the 
amount of oxygen dissolved in the body fluids 
inereases. Ihe inerease in dissolved oxygen is 
detrimental to the gangrene baeteria. The HBO 
treatment does not inerease hemoglobin’s ability to 
piek up oxygen in the lungs because hemoglobin is 
already saturated with oxygen. 

5. Compression causes a deerease in thoraeie volume 
and therefore lung volume. Consequently, pressure 
in the lungs inereases over atmospherie pressure 
and air moves out of the lungs. Raising the arms 
expands the thorax and lungs. Ihis results in a 
lower than atmospherie pressure in the lungs, and 
air moves into the lungs. 

6. Ihe vietim’s lungs expand because of the pressure 
generated by the rescuer’s muscles of expiration. 
Ihis fills the lungs with air that has a greater 
pressure than atmospherie pressure. Air flows out 
of the vietim’s lungs as a result of this pressure 
differenee and because of the reeoil of the thorax 
and lungs. Although the partial pressure of oxygen 
of the rescuer’s expired air is less than atmospherie, 
enough oxygen ean be provided to sustain the 
vietim. The lower partial pressure of oxygen ean 
also aetivate the ehemoreeeptor reflex and 
stimulate the vietim to breathe. In addition, the 
rescuer’s partial pressure of earbon dioxide is 
higher than atmospherie and this ean aetivate the 
ehemosensitive area in the medulla. 

7. The left side of the diaphragm moves superiorly. 
During inspiration, thoraeie volume inereases as 
the right side of the diaphragm moves inferiorly 
and the intereostal muscles move the ribs outward. 
inereased thoraeie volume causes a deerease in 
pressure in the thoraeie eavity. As a result, the 
pressure on the superior surface of the diaphragm 
is less than on the inferior surface. Ihe paralyzed 
left side of the diaphragm moves superiorly 
because of this pressure differenee. 

8. At the end of expiration, the thoraeie wall is not 
moving. Iherefore, the forees causing the 
thoraeie wall to move inward and outward must 
be equal. At the end of expiration, the lungs are 
adhering to the thoraeie wall through the 


pleurae, and reeoil of the lungs is pulling the 
thoraeie wall inward. As a result of the 
pneumothorax, air enters the pleural eavity and 
the viseeral and parietal pleurae separate from 
eaeh other. The reeoil of the lungs causes them to 
eollapse. Without the imvard foree produced by 
lung reeoil, the thoraeie wall expands outward. 

9. All else being equal (i.e., the thiekness of the 
respiratory membrane, the difftision eoeffleient of 
the gas, and the surface area of the respiratory 
membrane), difftision is a ffmetion of the partial 
pressure differenee of the gas aeross the respiratory 
membrane. The greater the differenee in partial 
pressure, the greater the rate of difftision. Ihe 
greatest rate of oxygen difffision should therefore 
occur at the end of inspiration when the partial 
pressure of oxygen in the alveoli is at its highest. The 
greatest rate of earbon dioxide difftision should occur 
at the end of inspiration when the partial pressure of 
earbon dioxide in the alveoli is at its lowest. 

10. Cutting the vagus nerves eliminates the Hering- 
Breuer reflex and results in a greater than normal 
inspiration. Ihis inereases tidal volume. Cutting 
the phrenie nerves eliminates eontraetion of the 
diaphragm. Tidal volume deereases drastieally, and 
death probably results. Cutting the intereostal 
nerves eliminates raising of the ribs and sternum 
and deereases tidal volume, unless the diaphragm 
eompensates. 

11. While hyperventilating and making ready to leave 
your instmetor behind, you might make the 
following arguments: 

• Hyperventilation inereases the oxygen eontent of 
the air in the lungs; therefore, you would have 
more oxygen to use when holding your breath. 

• It is hemoglobin that is saturated. 
Hyperventilation inereases the amount of 
oxygen dissolved in the blood plasma. 

• Hyperventilation deereases the amount of 
earbon dioxide in the blood. Ihis makes it 
possible to hold one’s breath for a longer time 
because of a deereased urge to take a breath. 


ehapter 21 

1. With the loss of the swallowing reflex, the voeal 
folds and voeal eords no longer occlude the glottis. 
Consequently, vomit ean enter the larynx and 
bloek the respiratory traet. 

2. Even though ulcers are apparently ultimately 
caused by baeteria, overproduction of hydroehlorie 
aeid due to stress is a possible contributing faetor. 
Reducing hydroehlorie aeid production is 
reeommended. In addition to antibiotie therapy, 
eommonly reeommended solutions include 
relaxation, drugs that reduce stomaeh aeid 
seeretion, and antaeids to neutralize the 
hydroehlorie aeid. Smaller meals are also advised 
because distention of the stomaeh stimulates aeid 
production. Proper diet is also important. Ihe 
patient is also advised to avoid aleohol, eaffeine, 
and large amounts of protein because they 
stimulate aeid production. Ingestion of fatty aeids 
is reeommended because they inhibit aeid 
production by causing the release of 
eholeeystokinin. Stress also stimulates the 
sympathetie nervous system, which inhibits 
duodenal gland seeretion. As a result, the 
duodenum has less of a mucous eoating and is 
more susceptible to gastrie aeid and enzymes. 
Relaxing after a meal helps deerease sympathetie 
aetivities and inerease parasympathetie aetivities. 


3. Without adequate amounts of hydroehlorie aeid, 
the pH in the stomaeh is not low enough for the 
aetivation of pepsin. Ihis loss of pepsin ffmetion 
results in inadequate protein digestion. If the food is 
well chewed, however, proteolytie enzymes in the 
small intestine (e.g., trypsin, ehymotrypsin) ean still 
digest the protein. If the stomaeh seeretion of 
intrinsie faetor deereases, the absorption of vitamin 
B ^2 is hindered. Inadequate amounts ofvitamin B 12 
ean result in deereased red blood eell production 
(pernicious anemia). 

4. Taek of bile due to bloekage of the eommon 
bile duct ean result in jaundice (due to an 
accumulation of bile pigments in the blood) and 
elay-eolored stools (due to laek of bile pigments in 
the feees). Bloekage of the bile duct causes 
abdominal pain, nausea, and vomiting. Fat 
absorption is impaired because of the absenee of 
bile salts in the duodenum and a loose, bulky stool 
results. Taek of fat absorption reduces the 
absorption of fat-soluble vitamins, such as vitamin 
K, resulting in a laek of normal elotting ffmetion. 

5. The accumulation of materials above the site of 
impaetion and the aetion of baeteria on the 
material would result in an inerease in osmotie 
pressure in the area. Water would move by osmosis 
into the eolon above the site of impaetion. Bowel 
impaetion is very dangerous and must be treated 
quickly. Ihe inereased volume and distention of 
the digestive traet above the site of impaetion 
causes eompression of the mucosa. Ihis 
eompression ean occlude blood vessels in the 
mucosa and lead to neerosis. Neerosis of the mucosa 
results in inereased permeability of the mucosa, 
allowing toxic organisms and substances in the 
digestive traet to enter the circulation, resulting in 
septie shoek. 

6. Cholera toxin irreversibly aetivates a G protein 
that causes persistent aetivation of the ehloride 
ehannel. The aetivated ehannel allows excessive 
movements of ehloride from the eells into the 
digestive traet. Water follows the osmotie gradient 
generated by the ehloride, which leads to diarrhea. 
Conversely, in eystie fibrosis, mutations in the 
ehannel reduce the movement of ehloride into 
the digestive traet. A thiek mucus builds up on the 
surface of the epithelial eells. Mucus ean bloek the 
eommon bile duct and panereatie duct. 

7. Oral rehydration therapy relies on the prineiple 
of osmosis. Water follows solutes as they are 
absorbed aeross the intestinal epithelium. Ihe 
eombination of sodium and glucose is optimal, 
sinee the two molecules are eotransported by a 
symporter that is driven by a Na + gradient 
established by the Na +_ K + pump. Henee, the 
presenee of sodium aids glucose absorption. 
Fmetose is absorbed by a faeilitated difftision and 
is not coupled to a Na + gradient. 

ehapter 22 

1. In figure 23.2, the Daily Value for saturated fat is 
listed as less than 20 g for a 2000 keal/day diet. Ihe 
% Daily Values appearing on food labels are based 
on a 2000 keal/day diet. Iherefore, the % Daily 
Value for saturated fat for one serving of this food 
is 10% (2/20 = .10, or 10%). 

2. Aeeording to the Daily Value guidelines, total fats 
should be no more than 30% of total kiloealorie 
intake. For someone consuming 3000 keal/day, 
this is 900 keal (3000 keal X 0.30). There are 

9 keal in a gram of fat. Therefore, the maximum 
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amount (weight) of fats the aetive teenage boy 
should consume is 100 g (900/9). 

3. The % Daily Value is the amount of the nutrient in 
one serving divided by its Daily Value. Iherefore, 
the % Daily Value is 10% (10/100 = .10, or 10%). 

4. Ihe % Daily Value for one serving of the food is 
10% (see answer to question 3). Sinee there are 
four servings in the paekage, if the teenager eats 
half of the food in the paekage, he consumes two 
servings. Thus, he eats 20% (10% X 2) of the 
reeommended maximum total fat. 

5. The protein in meat eontains all of the essential 
amino aeids and is a eomplete protein food. 
Although plants eontain proteins, a variety of plants 
must be consumed to ensure that all the essential 
amino aeids are included in adequate amounts. 

Also, plants eontain less protein per unit weight 
than meat, so a larger quantity of plants must be 
consumed to get the same amount of protein. 

6 . Copper is neeessary for the proper functioning of 
the eleetron-transport ehain. Inadequate eopper in 
the diet results in reduced ATP production—that is, 
not enough energy. 

7. Fasting ean be damaging because proteins are used 
to produce glucose. The glucose enters the blood 
and provides an energy source for the brain. Ihis 
breakdown of proteins ean damage tissues, such as 
muscle, and dismpt ehemieal reaetions regulated by 
enzyme systems. A single day without food, 
however, is unlikely to cause permanent harm. 

8 . Amino aeids, derived from ingested proteins, are 
neeessary to build muscles. As Lotta and her friend 
diseovered, excess proteins do not aeeelerate this 
proeess. Excess proteins ean be used as an energy 
source in oxidative deamination, for the formation 
of the intermediate molecules of earbohydrate 
metabolism, or in gluconeogenesis. Excess proteins 
are also eonverted into storage molecules through 
glyeogenesis or lipogenesis. Lotta is in positive 
nitrogen balanee because the amount of nitrogen 
she gains from her diet is greater than the amount 
she loses by excretion. Some of the nitrogen in the 
amino aeids she ingests is ineorporated into the 
proteins of her muscles as they enlarge. 

9. Weight is lost when kiloealories used per day 
exceeds kiloealories ingested per day. About 60% 
of the kiloealories used per day is due to basal 
metabolie rate. A person with a high basal 
metabolie rate loses weight faster than a person 
with a low basal metabolie rate, all else being 
equal. Another faetor to eonsider is the amount of 
physieal aetivity, which accounts for about 30% of 
kiloealories used per day. An aetive person loses 
more weight than a sedentary person does. 

10. During fever production, the body produces heat 
by shivering. Ihe body also eonserves heat by the 
eonstrietion of blood vessels in the skin 
(producing pale skin) and by a reduction in sweat 
loss (producing dry skin). When the fever 
breaks—that is, “the erisis is over”—heat is lost 
from the body to lower body temperature to 
normal. Ihis is aeeomplished by the dilation of 
blood vessels in the skin (producing flushed skin) 
and inereased sweat loss (producing wet skin). 

11. No, this approaeh does not work because he is not 
losing stored energy from adipose tissue. In the 
sauna, he gains heat, primarily by eonveetion from 
the hot air and by radiation from the hot walls. 

Ihe evaporating sweat is removing heat gained 
from the sauna. Ihe loss of water will make him 
thirsty, and he will regain the lost weight from 
fluids he drinks and food he eats. 


12. As ATP breakdown inereases, more ATP is 

produced to replaee that used. Over an extended 
time, the ATP must be produced through aerobie 
respiration. Therefore, oxygen consumption and 
basal metabolie rate inerease. Ihe production of 
ATP requires the metabolism of earbohydrates, 
lipids, or proteins. As these molecules are used at a 
faster than normal rate, body weight deereases. 
inereased appetite and inereased food 
consumption resist the loss in body weight. As 
ATP is produced and used, heat is released as a by- 
product. Ihe heat raises body temperature, which 
is resisted by the dilation of blood vessels in the 
skin and by sweating. 

ehapter 23 

1 . Ihere are several ways to deerease glomerular 
filtration rate: 

a. Deerease hydrostatie pressure in the 
glomerulus. 

1. Deerease systemie arterial blood pressure. 

a. Deerease extracellular fluid volume. 

b. Deerease peripheral resistanee. 

e. Deerease eardiae output. 

2 . Constrict or occlude the afferent arteriole. 

3. Relax the efferent arteriole. 

b. inerease glomerular capsule pressure. 

e. inerease the eolloid osmotie pressure of the 
plasma. 

d. Deerease the permeability of the filtration 
barrier. 

e. Deerease the total area of the glomemli 
available for filtration. 

2. Urea is partially responsible for the high osmolality 
of the interstitial fluid in the medulla of the kidney. 
Sinee a high osmolality of the interstitial fluid must 
exist for the kidney to produce a eoneentrated 
urine, a small amount of urea in the kidney results 
in the production of dilute urine by the kidney. 

3. As the loops of Flenle beeome longer, the 
meehanisms that inerease the eoneentration of the 
interstitial fluid of the medulla beeome more 
effieient, thus raising the eoneentration of the 
interstitial fluid. The maximum eoneentration for 
urine is determined by the eoneentration of the 
interstitial fluid deep in the medulla of the 
kidneys. The higher the eoneentration of 
interstitial fluid in the medulla of the kidney, the 
greater the eoneentration of the urine the kidney is 
able to produce. 

4. Assume that the aseending limb of the loop of 
Henle and the distal convoluted tubules are 
impermeable to sodium and other ions but aetively 
pump out water. Other eharaeteristies of the 
kidney are assumed to be unchanged. As the urine 
moves up the aseending limb, it beeomes 
hyperosmotie, because sodium remains behind as 
water is pumped out. Assuming that the eolleeting 
ducts are impermeable to sodium, on reaehing the 
eolleeting ducts the presenee or absenee of ADH 
determines the final eoneentration of the urine. If 
ADH is absent, there is little or no exchange of 
water as the urine passes down the eolleeting ducts 
and a hyperosmotie urine will be produced. On 
the other hand, if ADH is present, water moves 
from the interstitial fluid into the eolleeting ducts, 
thus diluting the urine and producing a 
hyposmotie urine. 

5. Two shots of vodka would not signifieantly 
ehange blood volume or osmolality. Inhibition of 
ADH, however, deereases water reabsorption, 


which inereases urine volume. The urine is less 
eoneentrated than normal because it is diluted by 
the water. 

6 . Ihe large volume of hyposmotie fluid ingested 
inereases blood volume and causes blood osmolality 
to deerease. Ihe inereased blood volume inereases 
blood pressure, which is deteeted by baroreeeptors, 
and the deereased blood osmolality is deteeted by 
osmoreeeptors in the hypothalamus. The response 
to these stimuli is an inhibition of ADH seeretion 
and deereased water reabsorption. Consequently, a 
large volume of dilute urine is produced and blood 
volume deereases. The inereased blood volume 
caused by ingesting the beer inereases blood 
pressure, which inhibits the renin—angiotensin— 
aldosterone meehanism, which in turn inhibits 
aldosterone seeretion. The inereased volume also 
stimulates ANH seeretion. Deereased aldosterone 
and inereased ANH promote deereased Na + 
reabsorption. Thus, water remains in the filtrate 
and is lost in the urine. The loss of water eventually 
restores blood volume and osmolality. 

7. A low-salt diet tends to reduce the osmolality of 
the blood. Consequently, ADH seeretion is 
inhibited, producing dilute urine and thus 
eliminating water. Ihis in turn reduces blood 
volume and blood pressure. 

8 . When excess glucose is not reabsorbed, it 
osmotieally obligates water to remain in the 
nephron. Ihis results in a large production of urine, 
ealled polyuria, with a consequent loss of water, 
salts, and glucose. The loss of water ean be 
eompensated for by inereasing fluid intake. The 
intense thirst that stimulates inereased fluid intake 
is ealled polydipsia. Ihe loss of salts ean be 
eompensated for by inereasing the salt intake. Ihe 
high glucose levels in the blood would inerease the 
blood osmolality, thus stimulating the seeretion of 
ADH. This inereases the permeability of the distal 
convoluted tubule and eolleeting duct to water. 
Normally, this would allow reabsorption of water 
from the eolleeting ducts and thus eonserve 
water. If glucose levels in the urine are high enough, 
however, water loss inereases even with high levels 
of ADH being present. 

9. She was expecting urinary volume to be low 
because ADH promotes water reabsorption. When 
ADH levels first inerease, the reabsorption of water 
inereases and urinary output is reduced. Ihis also 
causes an inerease in blood volume and therefore 
an inerease in blood pressure. The inereased blood 
pressure inereases glomemlar filtration rate, which 
inereases urinary output toward normal levels. In 
addition, the inereased blood volume inhibits the 
renin—angiotensin—aldosterone meehanism, 
inhibits aldosterone seeretion, and stimulates atrial 
natriuretic hormone seeretion. These responses also 
inerease urinary output. 

10. Ammonium ion (NH 4 + ) levels in the urine 
inerease when pH deereases because deereased pH 
stimulates inereased production of NH 4 + from 
glutamine and inereased seeretion of H + , which 
eombine with ammonia (NH 3 ) to form NH 4 A 
lhus, inereased NH 4 + could occur in metabolie 
or respiratory aeidosis. Ihe most logieal 
conclusion is that the eondition is metabolie 
aeidosis because an elevated respiratory rate 
inereases blood pH. Ihe observed inerease in 
respiration rate eompensates for the metabolie 
aeidosis by lowering H + levels. 

11. Diarrhea is one of the most eommon causes of 
metabolie aeidosis, resulting from the loss of 
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biearbonate ions. inereasing the respiration rate 
and producing an aeidie urine help inerease the 
blood pH. 

12. Breathing through the glass tube inereases the dead 
air spaee and deereases the effieieney of gas 
exchange. Consequently, blood earbon dioxide 
levels inerease and produce a deerease in blood pH. 
Compensatory responses ineffide an inereased 
respiration rate and the production of aeidie urine. 

13. A major effeet of alkalosis is hyperexcitability of the 
nervous system. If the girl is prone to having 
convulsions, inducing alkalosis might result in a 
seizure. This ean be aeeomplished by having the girl 
hyperventilate. The resulting loss of earbon dioxide 
from the blood causes an inerease in blood pH. 

14. At high altitudes, we expect stimulation of the 
ehemoreeeptor reflex and an inerease in respiration 
rate. Ihis ean result in hyperventilation, a deerease 
in blood earbon dioxide, and respiratory alkalosis. 
The inereased seeretion of hydroehlorie aeid into 
the stomaeh ean also inerease blood pH and 
contribute to the problem. The kidney produces a 
more alkaline urine. 

ehapter 24 

1. Removing the testes would eliminate the major 
source of testosterone. Blood levels of testosterone 
would therefore deerease. Because testosterone has a 
negative-feedbaek effeet on the hypothalamus and 
pitmtary gland, GnRH, FSH, and LH seeretion 
would inerease and the blood levels of these 
hormones would inerease. An adult males primary 
and seeondary sexual eharaeteristies are already 
developed. Laek of testosterone causes deereased 
sperm eell production, deereased sex drive, and 
deereased muscular strength. Ihe development of 
baldness, however, would be less. 

2. Prior to puberty, the levels of GnRH are very low 
because the hypothalamus is very sensitive to the 
inhibitory effeets of testosterone. Sinee GnRH 
levels are low, so are FSH and LH levels. Loss of 
the testes and testosterone production would result 
in an inerease in GnRH, FSH, and LH levels. 
Because little testosterone is produced, the boy 
would not develop sexually and would have no sex 
drive. Small amounts of androgens would be 
produced because the adrenal cortex produces 
some androgens. He would be taller than normal as 
an adult, with thin bones and weak musculature. 
His voiee would not deepen and the normal 
masculine distribmion of hair would not develop. 

3. Ideally, the pill would inhibit spermatogenesis. 

Using the same approaeh as in females, the 
inhibition of FSH and LH seeretion should work. 
Chronic administration of GnRH suppresses FSH 
and LH levels enough to cause infertility. Laek of 
LH ean also result in reduced testosterone levels and 
a loss of sex drive, however. Some evidenee indieates 
that administration of testosterone in the proper 
amounts reduces FSH and LH seeretion, thus 
leading to a reduced sperm eell production. The 
testosterone, however, maintains normal sex drive. 
Ihe technique appears to work for a large pereentage 
of males, resulting in a sperm eoneentration in the 
semen that is too low to result in fertilization. Ihe 
technique is not sufficiently preeise, however, to be 
used as a standard birth-eontrol technique. 


4. Ihe removal of the ovaries from a 20-year-old 
woman eliminates the major site of estrogen and 
progesterone production, thereby causing an 
inerease in GnRH, FSH, and LH levels due to 
laek of negative feedbaek. One expects to see the 
symptoms of menopause, such as eessation of 
menstruation and reduction in the size of the 
uterus, vagina, and breasts. Ihere may also be a 
temporary reduction in sex drive. 

3. In a postmenopausal woman, the ovaries have 
stopped producing estrogen and progesterone. 
Without the negative-feedbaek effeet of these 
hormones, the levels of GnRH, FSH, and LH 
inerease. Removal of the nonffmetioning ovaries in 
a postmenopausal woman does not ehange the 
level of any of these hormones or produce any 
symptoms not already occurring due to the laek of 
ovarian ffmetion. 

6 . It is elear that estrogen and progesterone 
administration resulted in a large deerease in the 
amount of LH in the plasma the day of ovffiation. 
The differenees in plasma LH levels between the 
groups at other times are very small. Ihe ineidenee 
of pregnaneies suggests that the reduced plasma 
LH levels may result in no ovffiation. 

7. The progesterone inhibits GnRH in the 
hypothalamus. Consequently, the anterior 
pituitary is not stimffiated to produce LH and 
FSH. Laek of LH prevents ovffiation and laek of 
FSH prevents development of the follieles. LH 
also is required for the maturation of follieles prior 
to ovffiation. Without folliele development, there 
is inadequate estrogen production, which causes 
the hot flash symptoms. 

8 . High progesterone levels after menses inhibit 
GnRH seeretion from the hypothalamus and 
therefore FSH and LH seeretion from the anterior 
pituitary. Without FSH and LH, folliele 
development and estrogen production is inhibited. 
Thiekening of the endometrffim is not expected 
because estrogen causes proliferation of the 
endometrffim. Also, estrogen inereases the synthesis 
of uterine progesterone reeeptors, and without 
estrogen the seeretory response of the endometrffim 
to the elevated progesterone is inhibited. 

ehapter 25 

1. Polyspermy, the fertilization of one ooeyte with 
two sperm eells, ean result in triploidy. Polyspermy 
is usually prevented by depolarization of the 
ooeyte plasma membrane when a sperm eell 
penetrates the membrane. If depolarization of the 
ooeyte membrane does not occur, the zona 
pelffieida will not be denatured and expand and 
other sperm eells ean attaeh to the ooeyte 
membrane, leading to polyspermy. 

2. Developmental age, the approximate length of 
time the embryo has been developing, is 14 days 
less than the time sinee the last menstrual period 
(LMP). In this ease, the developmental age is 

30 days (44 - 14). By this time, the neural tube has 
elosed, the somites have formed, the digestive traet 
is developing, the limb buds have appeared, a 
tubular beating heart is present, and the ffings are 
developing. Based on reproductive structures, 
which are just forming, male and female embryos 
are indistingffishable at this age. 


3. The fever would have occurred on days 21-31 

of development, which is during part of the time of 
neural tube closure (days 18-25). If the fever 
prevented neural tube closure, the ehild might be 
born with aneneephaly or spina bifida. 

4. Ihe limb buds develop in a proximal-to-distal 
sequence. If the limb bud is damaged during 
embryonie development when it is about one-half 
grown, the proximal structures, the arm and 
forearm, develop normally but the distal 
structures, the wrist and hand, do not form 
normally. Depending on the degree of damage, the 
wrist and hand might be eompletely absent or 
underdeveloped. 

5. The mesonephrie duct system develops, because of 
testosterone, to form portions of the male 
reproductive duct system. Without the production 
of miillerian-inhibiting hormone, the 
paramesonephrie duct system also develops to 
form the uterus and uterine tubes. Although 
ovaries are present, the elitoris may be enlarged 
because of testosterone to produce somewhat the 
appearanee of male external genitalia. Ihe amount 
of maseffiinization depends on the levels of 
testosterone and how long it was administered. 
High levels of testosterone over an extended period 
eompletely maseffiinize the external genitalia. 

6 . Progesterone inhibits uterine smooth muscle 
eontraetion. Progesterone also reduces the release 
of oxytocin, the hormone that stimffiates uterine 
eontraetions. Also, progesterone reduces the 
number of oxytocin reeeptors in the uterus. All of 
these effeets are expected to reduce labor 
eontraetions and ean prevent preterm delivery. 

7. Suckling the breast stimffiates the release of 
oxytocin from the posterior pituitary. Onee the 
oxytocin is in the blood, it travels to both breasts 
and causes milk letdown. 

8 . Yes. Because dimpled eheeks are dominant, a person 
with dimpled eheeks may have a genotype of Dd 
( U D ” being the dominant gene for dimples and “d ” 
being the normal gene). If two Dd, dimpled people 
have ehildren, it may be expected that approximately 
1/4 of their ehildren would not have dimples (dd). 

9. No, not without additional information. To be 
able to roll their tongue into a tube, both mother 
and son need to have only one dominant gene. 

The son eoffid inherit this dominant gene from his 
mother, so it is possible that his father is a 
nontongue roller. It is also possible that his father 
is a tongue roller, but there is no proof for either 
hypothesis. 

10. A person who is AB blood type has the genotype 
I A I B but has no i allele. A person of blood type O 
has a genotype of ii. As the AB parent has no i 
allele, an AB individual eannot be the parent of a 
ehild with blood type O. 

11 . Hemophilia is an X-linked reeessive gene. A female 
must have the genotype XAG to have hemophilia, 
whereas, because males have only one X 
ehromosome, a single hemophilia gene will cause 
them to have the disorder (XW). For half their 
ehildren to have hemophilia, the mother’s 
genotype must be XX A (she does not have 
hemophilia) and the father’s genotype must be XW 
(he has hemophilia). If the woman did not earry 
the hemophilia gene, none of her daughters or 
sons eoffid have the disorder. 
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ehapter 1 

1 . The ehemieal level is the level at which eorreetion 
is currently being aeeomplished. Insulin ean be 
purchased and injeeted into the circulation to 
replaee the insulin normally produced by the 
panereas. Therapy at the cellular level includes 
drugs that stimulate panereatie eells to inerease 
insulin production or make eells more responsive 
to insulin. Transplantation of panereatie eells, 
panereatie tissue, and even the entire panereas are 
also possibilities. 

2. Donating a pint of blood results in a deerease in 
blood pressure. Negative-feedbaek meehanisms, 
such as an inerease in heart rate, return blood 
pressure toward a normal value. When a negative- 
feedbaek meehanism fails to return a value to its 
normal level, the value ean continue to deviate 
from its normal range. Homeostasis is not 
maintained in this situation, and the person’s 
health or life ean be threatened. 

3. a. The normal response to a deerease in blood 

pressure is for reeeptors to deteet the deerease 
and for the brain to stimulate the heart to 
eontraet faster, which inereases blood pressure 
and maintains homeostasis. 
b. Just before Molly fainted, her heart rate 

inereased. However, it did not inerease enough 
to aeeommodate her ehange in position, and 
her blood pressure dropped below normal. The 
deereased blood pressure dropped below 
normal. The deereased blood pressure resulted 
in the delivery of less blood to the brain, 
homeostasis of brain tissue was disrupted, and 
Molly fainted. Note that the regulation of 
blood pressure involves more than ehanges in 
heart rate and is discussed more thoroughly 
in ehapters 20 and 21. 

e. When Molly fell to the floor, she returned to a 
lying down position. This eliminated the 
pooling effeet of the blood in the veins below 
the heart because of gravity. Therefore, blood 
return to the heart inereased, blood pressure 
inereased, blood flow to the brain inereased, 
homeostasis of brain tissue was restored, and 
she regained consciousness. 

4. Negative-feedbaek meehanisms work to eontrol 
respiratory rates so that body eells have adequate 
oxygen and are able to eliminate earbon dioxide. 
The greater the respiratory rate, the greater the 
exchange of gases between the body and the air. 
When a person is at rest, there is less of a demand 
for oxygen, and less earbon dioxide is produced 
than during exercise. At rest, homeostasis ean be 
maintained with a low respiration rate. During 
exercise, there is a greater demand for oxygen, and 
more earbon dioxide must be eliminated. 
Consequently, to maintain homeostasis during 
exercise, the respiratory rate inereases. 

5. The sensation of thirst is involved in a negative- 
feedbaek meehanism that maintains body fluids. 
The sensation of thirst inereases with a deerease 


in body fluids. The thirst meehanism causes 
a person to drink fluids, which returns body 
fluid levels to normal, thereby maintaining 
homeostasis. 

6 . Your kneeeap is both proximal and superior to the 
heel. It is also anterior to the heel because it is on 
the anterior side of the lower limb, whereas the heel 
is on the posterior side. 

7. After passing through the left thoraeie wall, the 
first membrane to be encountered is the parietal 
pleura. Continuing through the pleural eavity, the 
viseeral peritoneum and the left lung are piereed. 
Leaving the lung, the bullet penetrates the viseeral 
pleura, the pleural eavity, and the parietal pleura 
(remember that the lung is surrounded by a 
double membrane sae). Next the parietal 
pericardium, the perieardial eavity, the viseeral 
pericardium, and the heart are encountered. 

ehapter 2 

1 . The mass (amount of matter) of the astronaut on 
the surface of the earth and in outer spaee does not 
ehange. In outer spaee, where the foree of gravity 
from the earth is very small, the astronaut is 
“weightless,” eompared with his or her weight on 
the earths surface. 

2. Fluorine has 9 protons (the atomie number), 

10 neutrons (the mass number minus the atomie 
number), and 9 eleetrons (equal to the number of 
protons). 

3. Because atoms are eleetrieally neutral, the iron 
(Fe) atom has the same number of protons and 
eleetrons. The loss of three eleetrons results in an 
iron ion that has three more protons than 
eleetrons and therefore a eharge of +3. The 
eorreet symbol is Fe 3+ . 

4. Molecules dissolve in water when the positive 
and negative ends of water molecules are 
attraeted more to the eharged ends of the 
molecules than they are to eaeh other, hydrogen 
bonds between the water molecules break, and 
the water molecules surround the other 
molecules. Nonpolar molecules, such as fats and 
lipids, do not have eharged ends. Therefore, the 
hydrogen bonds between water molecules are not 
broken, and the nonpolar molecules do not 
dissolve in the water. 

5. A deerease in blood CC >2 deereases the amount of 
H 2 CC >3 and therefore the blood H + level. Because 
C0 2 and H 2 0 are in equilibrium with H + and 
HC 03 _ , with H 2 C 03 as an intermediate, a 
deerease in C0 2 causes some H + and HC 03 _ to 
join together to form H 2 C 03 , which then forms 

C0 2 and H 2 0. Consequently, the H + 
eoneentration deereases. 

6 . During exercise, muscle eontraetions inerease, 
which requires energy. This energy is obtained 
from the energy in the ehemieal bonds of ATP. As 
ATP is broken down, energy is released. Some of 
the energy is used to drive muscle eontraetions, 


and some beeomes heat. Because the rate of these 
reaetions inereases during exercise, more heat 
is produced than when at rest, and body 
temperature inereases. 

7. A base added to a solution eombines with H + , 
which deereases the H + eoneentration. By 
definition, a deerease in H + eoneentration is an 
inerease in pH. Note that buffers take up H + 
when an aeid is added to a buffered solution. It is 
reasonable to expect a buffer to release H + when 
a base is added to a buffered solution. The 
released H + ean eombine with the base to 
prevent an inerease in pH. For example, H + ean 
eombine with OH _ to form H 2 0. 

ehapter 3 

1. Urea is continually produced by eells and difftises 
from the eells into the blood. If the kidneys stop 
eliminating urea, it begins to accumulate in the 
blood. As urea eoneentration inereases in the 
blood, the eoneentration gradient for urea from 
the eells into the blood deereases. Therefore, less 
urea difftises from the eells and the eoneentration 
of urea in them inereases. The urea finally reaehes 
eoneentrations high enough to be toxic to eells, 
thereby causing eell damage followed by eell death. 

2. Water moves by osmosis from solution B into 
solution A. Because solution A is hyperosmotie to 
solution B, solution A has more solutes and less 
water than does solution B. Water therefore moves 
from solution B (with more water) to solution A 
(with less water). 

3. Glucose transported by faeilitated difftision aeross 
the plasma membrane moves from a higher to a 
lower eoneentration. If glucose molecules are 
quickly eonverted to some other molecule as they 
enter the eell, a steep eoneentration gradient is 
maintained. The rate of glucose transport into the 
eell is direetly proportional to the magnitude of 
the eoneentration gradient. 

4. Digitalis should inerease the foree of heart 
eontraetions. By interfering with Na + transport, 
digitalis deereases the eoneentration gradient for 
Na + because fewer Na + are pumped out of eells by 
aetive transport. Consequently, fewer Na + difftise 
into eells, and fewer Ca 2+ move out of the eells by 
antiport. The higher intracellular levels of Ca 2+ 
promote more foreefiil eontraetions. 

5. a. Cells highly speeialized to synthesize and 

seerete proteins have large amounts of rough 
endoplasmie reticulum (ribosomes attaehed to 
endoplasmie reticulum) because these 
organelles are important for protein synthesis. 
Golgi apparatuses are well developed because 
they paekage materials for release in seeretory 
vesieles. Also, numerous seeretory vesieles exist 
in the eytoplasm. 

b. Cells highly speeialized to aetively transport 
substances into the eell have a large surface area 
exposed to the fluid from which substances are 
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aetively transported, and numerous 
mitoehondria are present near the membrane 
aeross which aetive transport occurs. 
e. Cells highly speeialized to phagoeytize 

foreign substances have numerous lysosomes 
in their eytoplasm and evidenee of 
phagoeytie vesieles. 

6 . Ihe mRNA sequence is GCAUGC. Ihe 
eomplementary strand sequence is GCATGC. The 
differenee between the eomplementary strand and 
the mRNA sequence is the presenee of thymine 
(T) in the eomplementary strand and the presenee 
of uracil (U) in the mRNA sequence. 

7. Because adenine pairs with thymine (no uracil 
exists in DNA) and eytosine pairs with guanine, 
the sequence of DNA replieated from strand 1 is 
TACGAT. Ihis sequence is also the sequence of 
DNA in the original strand 2. A replieate of 
strand 2 is therefore ATGCTA, which is the same 
as the original strand 1. 

ehapter 4 

1. a. If nonkeratinized stratified squamous 

epithelium lined the digestive traet, it would 
provide proteetion against abrasion but 
would hinder the seeretion of digestive 
enzymes and the absorption of digested 
food. Nonkeratinized stratified squamous 
epithelium is not speeialized to absorb or 
seerete because the many layers of eells 
hinder the movement of materials aeross the 
epithelium. Squamous eells, as opposed to 
cuboidal or eolmnnar eells, do not eontain 
the number of organelles neeessary to 
support the production and transport of 
large numbers of complex molecules. 
b. Keratinized stratified epithelium forms a 
tough layer that is a barrier to the movement 
of water. Replaeing the epithelium of skin 
with moist stratified squamous epithelium 
inereases the loss of water aeross the skin 
because water ean diffiise through 
nonkeratinized stratified squamous 
epithelium, and it is more delieate and 
provides less proteetion than keratinized 
stratified squamous epithelium. 

2 . Ihe tight junctions prevent substances from 
passing between the epithelial eells. NaCl must 
pass aeross the epithelial layer. NaCl could pass 
by faeilitated difftision aeross one membrane of 
the epithelial eells and by aetive transport aeross 
the other epithelial membrane. If the membranes 
have a high permeability to water, the water will 
move in the same direetion as NaCl because of 
osmosis. 

3. When a muscle eontraets, the pull it exerts is 
transmitted along the length of its tendons. Ihe 
tendons need to be very strong in that direetion 
but not as strong in others. The eollagen fibers, 
which are like mieroseopie ropes, are therefore 
all arranged in the same direetion to maximize 
their strength. In the skin, eollagen fibers are 
oriented in many direetions because the skin ean 
be pulled in many direetions. The eollagen fibers 
ean be somewhat randomly oriented, or they ean 
be organized into alternating layers. The fibers 
within a layer run in the same direetion, but the 
fibers of different layers run in different 
direetions. 

4. Hyaline eartilage provides a smooth surface so that 
bones in joints ean move easily. When the smooth 


surface provided by hyaline eartilage is replaeed by 
dense fibrous eonneetive tissue, the smooth surface is 
replaeed by a less smooth surface, and the movement 
of bones in joints is much more difficult. The 
inereased frietion helps inerease the inflammation 
and pain that occur in the joints of people who have 
rheumatoid arthritis. 

5. In severely damaged tissue in which eells are 
killed and blood vessels are destroyed, the usual 
symptoms of inflammation eannot occur. 
Surrounding these areas of severe tissue damage, 
however, where blood vessels are still intaet and 
eells are still living, the elassie signs of 
inflammation do develop. The signs of 
inflammation therefore appear around the 
periphery of severely injured tissues. 

6 . Suturing large wounds brings the edges of the 
wounds elose together. Healing is therefore more 
rapid, there is less danger of infeetions, less sear 
tissue is formed, and wound contracture is greatly 
reduced. 

ehapter 5 

1. Because the permeability barrier is eomposed 
mainly of lipids surrounding the epidermal eells, 
substances that are lipid-soluble easily pass through, 
whereas water-soluble substances have difficulty. 

2 . a. Ihe lips are pinker or redder than the palms 

of the hand. Several explanations for this are 
possible: There might be more blood vessels 
in the lips, inereased blood flow might occur 
in the lips, or the blood vessels might be 
easier to see through the epidermis of the lips. 
The last possibility explains most of the 
differenee in eolor between the lips and the 
palms. The epidermis of the lips is thinner 
and not as heavily keratinized as that of the 
palms. In addition, the papillae eontaining 
the blood vessels in the lips are u high” and 
eloser to the surface. 

b. A person who does manual labor has a 

thieker stratum corneum on the palms (and 
possibly calluses) than a person who does not 
perform manual labor. The thieker epidermis 
masks the underlying blood vessels, and the 
palms do not appear as pink. In addition, 
earotene accumulating in the lipids of the 
stratum corneum might impart a yellowish 
east to the palms. 

e. Ihe posterior surface of the forearm appears 
darker because of the tanning effeet of 
ultraviolet light from the sun. 
d. The genitals normally have more melanin and 
appear darker than the soles of the feet. 

3. The story is not true. Hair eolor results from the 
transfer of melanin from melanoeytes to 
keratinoeytes in the hair matrix as the hair grows. 
Ihe hair itself is dead. To turn white, the hair must 
grow out without the addition of melanin, a 
proeess that takes weeks. 

4. a. Billy’s ears and nose turned pale because of 

deereased blood flow. As ambient temperature 
deereases, body temperature deereases. 
Constriction of blood vessels in the skin 
reduces heat loss and helps maintain body 
temperature. 

b. Billy’s ears and nose turned red because of 
inereased blood flow. As skin temperature 
deereases and blood vessels eonstriet, tissues 
ean be damaged by the laek of blood flow 
and iee erystal formation. Cold-induced 


vasodilation periodieally inereases blood flow 
and prevents or slows the rate of iee erystal 
formation. Ihis strategy for maintaining tissue 
homeostasis is benefieial as long as body 
temperature ean be maintained. 
e. At eolder temperatures, cold-induced 

vasodilation stops and tissues are no longer 
proteeted by an infiision of warm blood. 
Damaged tissues are white because blood no 
longer flows through them. 
d. One fimetion of the skin is to prevent the 
entry of mieroorganisms. If frostbite results in 
the destruction of skin eells, this fiinetion ean 
be eompromised, resulting in infeetions. 

ehapter 6 

1. In the absenee of a good blood supply, nutrients, 
ehemieals, and eells involved in tissue repair enter 
eartilage tissue very slowly. As a result, the ability of 
eartilage to undergo repair is poor. Within a joint, 
the articular eartilage of one bone presses against 
and moves against the articular eartilage of another 
bone. If the articular eartilages were eovered by 
perichondrium, or eontained blood vessels and 
nerves, the resulting pressure and frietion could 
damage these structures. 

2. In the elderly, the bone matrix eontains 
proportionately less eollagen than hydroxyapatite, 
eompared with the bones of younger people. 
Collagen provides bone with flexible strength, and 
a reduction in eollagen results in brittle bones. In 
addition, the elderly have less dense bones with 
less matrix. Ihe eombination of reduced matrix 
that is more brittle results in a greater likelihood 
of bones breaking. 

3. Spongy bone eonsists of trabeculae with spaees 
between them. Blood vessels ean pass through 
these spaees. In eompaet bone, the blood vessels 
pass through the perforating and eentral eanals. 
Ihe trabeculae in spongy bone are thin enough 
that nutrients and gases ean diffiise from blood 
vessels around the trabeculae to the osteoeytes 
through the canaliculi. 

4. Chondroblasts are surrounded by eartilage matrix 
and reeeive oxygen and nutrients by diffiision 
through the matrix. When the matrix beeomes 
ealeified, diffiision is reduced to the point that the 
eells die. When osteoblasts form bone matrix, 
they eonneet to one another by their eell 
proeesses. lhus, when the matrix is laid down, 
canaliculi are formed. Even though the ossified 
bone matrix is dense and prevents signifieant 
diffiision, the osteoeytes ean reeeive gases and 
nutrients through the canaliculi or by movement 
from one osteoeyte to another. 

5. Interstitial growth of eartilage results from the 
division of ehondroeytes within the eartilage, 
followed by the addition of new eartilage matrix 
between the ehondroeytes. The resulting 
expansion of the eartilage matrix is possible 
because eartilage matrix is not too rigid. Bones 
eannot undergo interstitial growth because bone 
matrix is rigid and eannot expand from within. 
New bone must therefore be added to the surface 
by apposition. 

6 . Growth of articular eartilage results in an inerease 
in the size of epiphyses. This is only one of the 
fimetions of articular eartilage; it also forms a 
smooth, resilient eovering over the ends of the 
epiphyses within joints. Ossified articular eartilage 
could not perform that fiinetion. 
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7. Her growth for the next few months inereases, and 
she may be taller than a typieal 12-year-old female. 
Because the epiphyseal plates ossify earlier than 
normal, however, her height at age 18 will be less 
than otherwise expected. 

8 . a. Henry’s bone density is less than normal for a 

man his age. Less dense bone is more likely to 
break. 

b. Henry’s eating habits have resulted in 

inadequate dietary intake of Ca 2+ and vitamin 
D. Therefore, the absorption of Ca 2+ from his 
intestine into his blood has been inadequate. 
e. One might expect that Henry’s blood Ca 2+ 
would be low because of his diet. Low blood 
Ca 2+ levels, however, stimulate inereased 
PTH seeretion. An inerease in PTH 
maintains normal blood Ca 2+ levels by 
inereasing the number of osteoelasts, which 
break down bone and release Ca 2+ into the 
blood. Thus, Henry’s blood Ca 2+ levels are 
maintained at the expense of his bones, 
which beeome less dense as more matrix than 
usual is broken down. inereased PTH levels 
also promote inereased Ca 2+ reabsorption 
from the urine. 

d. Normally, exposure to ultraviolet light, 
espeeially in sunlight, aetivates a precursor 
molecule in the skin that eventually beeomes 
aetivated vitamin D in the kidneys (see 
ehapter 5). Henry produces few, if any, 
precursor molecules because of his nocturnal 
lifestyle. Even though PTH normally inereases 
the formation of aetive vitamin D in the 
kidneys, Henry’s elevated PTH levels have not 
resulted in adequate vitamin D levels because 
of his laek of precursor molecules. Low levels 
of vitamin D result in less absorption of Ca 2+ 
from the small intestine, contributing to 
Henry’s low bone density. 

e. Exercise inereases the meehanieal stress on 
bones, which inereases osteoblast aetivity. Laek 
of exercise has resulted in deereased osteoblast 
aetivity. Bone density has deereased because 
less bone matrix has been produced by 
osteoblasts at the same time that more bone 
matrix has been broken down by osteoelasts 
under the influence of PTH. 

ehapter 7 

1 . Ihe sagittal suture is so named because it is in line 
with the midsagittal plane of the head. The eoronal 
suture is so named because it is in line with the 
eoronal plane (see ehapter 1). 

2 . The bones most often broken in a “broken nose” 
are the nasals, ethmoid, vomer, and maxillae. 

3. The lumbar vertebrae support a greater weight 
than the other vertebrae. Ihe vertebrae are more 
massive because of the greater weight they 
support. 

4. Ihe atlas. It has no body. 

5. The anterior support of the scapula is lost with a 
broken elaviele, and the shoulder is loeated more 
inferiorly and anteriorly than normal. In addition, 
sinee the elaviele normally holds the upper limb 
away from the body, the upper limb moves 
medially and rests against the side of the body. 

6 . Ihe oleeranon proeess moves the oleeranon fossa 
as the elbow is straightened. The eoronoid 
proeess moves into the eoronoid fossa and the 
head of radius into the radial fossa as the elbow 
is bent. 


7. The dried skeleton seems to have longer “fingers” 
than the hand with soft tissue intaet because the 
soft tissue fills in the spaee between the metaearpal 
bones. With the soft tissue gone, the metaearpal 
bones seem to be an extension of the fingers, 
which appear to extend from the most distal 
phalanx to the earpal bones. 

8 . The femoral neek is eommonly injured in elderly 
people because it is the smallest portion of the 
femur, which supports the weight of the body. It 
also forms an angle between the pelvis and the 
shaft of the femur, so the downward foree of 
gravity on the body plaees an enormous amount of 
pressure on this part of the femur. Ihat pressure is 
usually resisted in younger people with strong 
bones. Ihe bone matrix begins to deteriorate in 
the elderly (osteoporosis), however. Because of 
hormonal differenees between men and women, 
osteoporosis is much more eommon among 
elderly women. 

9. The joint between the metaearpal bones and the 
phalanges is the metaearpophalangeal joint. 

10. Premature sutural synostosis ean result in 
abnormal skull shape, interfere with normal brain 
growth, and result in brain damage if not 
eorreeted. Such an abnormality is usually eorreeted 
surgically by removing some of the bone around 
the suture and ereating an artifieial fontanel, 
which then undergoes normal synostosis. 

11 . Ihe synovial membrane is very thin and delieate. 

A eonsiderable amount of pressure is exerted on 
the articular eartilages within a joint, and the 
articular eartilage is very tough, yet flexible, to 
withstand the pressure. If the synovial membrane 
eovered the articular eartilage, it would be easily 
damaged during movement. 

12 . Ihe movements required are abduction of the arm 
and flexion of the elbow. Flexion of the shoulder 
and elbow followed by medial rotation of the arm 
also works. 

ehapter 8 

1. When a muscle ehanges length, the I bands and 
the H zones ehange in width, but the A band does 
not. When a muscle is stretehed, the I bands and 
the H zones inerease in width as the length of the 
sareomere inereases. When a muscle eontraets, 
eross-bridges form and cause the aetin 
myofilaments to slide over the myosin 
myofilaments. The result is that the I bands and 
H zones deerease in width as the sareomeres 
shorten. When a muscle relaxes, eross-bridges 
release, and aetin myofilaments slide past myosin 
myofilaments as the sareomeres lengthen. The 

I bands and H zones inerease in width. 

2. a. If Na + eannot enter the muscle fiber, no 

aetion potentials are produced in the muscle 
fiber because the influx of Na + causes the 
depolarization phase of the aetion potential. 
Without aetion potentials, the muscle fiber 
eannot eontraet at all. The result is flaeeid 
paralysis. 

b. If ATP levels are low in a muscle fiber before 
stimulation, the following events occur. Energy 
from the breakdown of ATP already is stored 
in the heads of the myosin molecules. After 
stimulation, eross-bridges form. If not enough 
additional ATP molecules are in the muscle 
eells to bind to the myosin molecules to allow 
for eross-bridge release, however, the muscle 
beeomes stiff without eontraeting or relaxing. 


e. If ATP levels in the muscle fiber are 

adequate but the aetion potential frequency 
is so high that Ca 2+ accumulate around the 
myofilaments, the muscle eontraets 
continuously without relaxing. As long as 
the ions are numerous within the sareoplasm 
in the area of the myofilaments, eross-bridge 
formation is possible. If ATP levels are 
adequate, eross-bridge formation, release, 
and formation ean proeeed again, resulting 
in a continuously eontraeting muscle. 

3. A deerease occurs in muscle eontrol when 
reinnervation of muscle fibers occurs after 
poliomyelitis because the number of motor units 
in the muscle is deereased. Reinnervation results 
in a greater number of muscle fibers per motor 
unit. Control is reduced because the number of 
motor units that ean be reemited is deereased. 
The greater the number of motor units in a 
muscle, the greater the ability to have fine 
gradations of muscle eontraetion as motor units 
are recruited. A smaller number of motor units 
means that gradations of muscle eontraetion are 
not as fine. 

4. a. Organophosphate poisons inhibit the aetivity 

of aeetyleholinesterase, which breaks down 
aeetyleholine at the neuromuscular junction. 
Consequently, aeetyleholine accumulates in 
the synaptie eleft and continuously stimulates 
the muscle fiber, producing spastie 
eontraetions. Death ean occur if multiple 
wave summation occurs to the point of 
eomplete tetanus of the respiratory muscles. 

Or the muscles ean be so continuously 
stimulated that they fatigue and eannot 
eontraet at all. 

b. The problem with organophosphate poisoning 
is one of prolonged communication between 
nerves and target organs that utilize ACh as a 
neurotransmitter. Possible solutions involve 
administration of drugs that (1) bloek the 
reeeptors for ACh so that the neurotransmitter 
ean no longer bind to the reeeptors, (2) break 
down ACh, or (3) bind to ACh so that it is 
unable to bind to its reeeptors. 

5. As a weight is lifted, the muscle eontraetions are 
eoneentrie eontraetions. When a weight lifter lifts 
a heavy weight above the head, most of the 
muscle groups eontraet with a foree while the 
muscle is shortening. Concentric eontraetions are 
a eategory of isotonie eontraetions in which 
tension in the muscle inereases or remains about 
the same while the muscle shortens. While the 
weight is held above the head, the eontraetions 
are isometrie eontraetions, because the length of 
the muscles does not ehange. While the weight is 
lowered, unless the weight lifter simply drops the 
weight, the length of the muscles inereases as the 
weight is lowered for most of the muscle groups. 
Eeeentrie eontraetions are eontraetions in which 
tension is maintained in a muscle while the 
muscle inereases in length. The major muscle 
groups are therefore eontraeting eeeentrieally 
while the weight is lowered. 

6 . John has a larger excess post-exercise oxygen 
consumption than Erie. During the raee up the 
stairs, John relied more on anaerobie glyeolysis for 
the ATP required for his muscle eontraetions than 
did Erie, even though they did approximately the 
same amount of exercise. Erie’s aerobie (eross- 
country) training has improved his ability to 
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7. Relaxation is initiated when Ca 2+ are aetively 
transported baek into the sareoplasmie reticulum 
by Ca 2+ pumps. Slow-twitch fibers have slower 
Ca 2+ pumps than fast-twitch fibers, so they relax 
more slowly. 

8 . Chicken breasts, which are responsible for 
moving the wings during flying, are white meat. 
Chicken thighs, which are responsible for 
standing and walking, are dark meat. The eolor 
of the meat depends on the number of eapillaries 
(blood is red) within the muscle and is based on 
its myoglobin eontent (myoglobin is also red). 
After eooking, the tissues look darker, not red, 
because the blood and myoglobin have been 
broken down by the heat. lhus, the dark meat is 
darker because it eontains more eapillaries and 
more myoglobin. This is eonsistent with SO 
fibers, which are used for the maintenanee of 
posture and slow movements, such as walking. 
Ihe white muscle, with fewer eapillaries and 
lower myoglobin eontent, is eonsistent with FG 
fibers, which are fatigable fibers. lhus, ehiekens 
eannot fly very long. Other birds, such as ducks, 
that fly long distanees have dark breast meat. 

9. Susan was unable to keep paee during the finishing 
sprint because her muscles were not trained for 
quick movements, such as sprinting. She had 
trained them only for aerobie, steady-state aetivity, 
such as the aetivity occurring during most of the 
raee. As her eoaeh, you would advise Susan to 
ineorporate high-intensity sprinting aetivities into 
her training. Such aetivities will cause her fast- 
twitch muscle fibers to inerease their performanee 
eapaeity, which will inerease her ability to sprint at 
the end of the raee. 

ehapter 9 

1 . Ihe bieeps braehii is the antagonist for the trieeps 
braehii. 

2. Raising eyebrows—oeeipitofrontalis; winking— 
orbicularis oculi and then levator palpebrae 
superioris; whistling—orbicularis oris and 
buccinator; smiling—levator anguli oris, risorius, 
zygomaticus major, and zygomaticus minor; 
frowning—corrugator supercilii and proeems; 
flaring nostrils—levator labii superioris alaeque 
nasi and nasalis. 

3. Shortening the right sternoeleidomastoid muscle 
rotates the head to the left. It also slightly elevates 
the ehin. 

4. Ihe trapezius ean elevate and depress the scapula 
and the peetoralis major and the deltoid ean flex 
and extend the shoulder. 

3. Two arm muscles are involved in flexion of the 
elbow: the braehialis and the bieeps braehii. Ihe 
braehialis only flexes, whereas the bieeps braehii 
both flexes the elbow and supinates the forearm. 
With the forearm supinated, both muscles ean flex 
the elbow optimally; when pronated, the bieeps 
braehii does less to flex the elbow. Chin-ups with 
the elbow supinated are therefore easier because 
both muscles flex the forearm optimally in this 
position. Bodybuilders who wish to build up the 
braehialis muscle perform chin-ups with the 
forearms pronated. 

ehapter10 

1. When the axon of a neuron is severed, the 
proximal portion of the axon remains attaehed 
to the neuron eell body. Ihe distal portion is 


detaehed, however, and has no way to replenish 
the enzymes and other proteins essential to its 
survival. Because the DNA in the nucleus 
provides the information that determines the 
structure of proteins by direeting mRNA 
synthesis, the distal portion of the axon has no 
source of new proteins. Consequently, it 
degenerates and dies. On the other hand, the 
proximal portion of the axon is still attaehed to 
the nucleus and therefore has a source of new 
proteins. It remains alive and, in many eases, 
grows to replaee the severed distal axon. 

2 . Tissue A has the larger resting membrane 
potential. There is a greater tendeney for K + to 
diffiise out of the eell because it has signifieantly 
more K + leak ehannels. As a result, a greater 
negative eharge develops on the inside of the 
plasma membrane, resulting in a larger resting 
membrane potential. 

3. If the Na + -K + pump stopped, the normal 
eoneentration gradients for Na + and K + would no 
longer be maintained. Without a eoneentration 
gradient for K + , there would be no resting 
membrane potential. 

4. If the intracellular eoneentration of K + is 
inereased, the eoneentration gradient from the 
inside to the outside of the plasma membrane 
inereases. Ihis situation is similar to deereasing the 
extracellular eoneentration of K + . Ihe greater 
eoneentration gradient for K + inereases their 
tendeney to diffiise out of the eell aeross the 
plasma membrane. A greater negative eharge then 
develops inside the eell (hyperpolarization). 

5. Calcium ions bind to gating proteins that regulate 
the voltage-gated Na + ehannels. Low 
eoneentrations of Ca 2+ cause the voltage-gated 
Na + ehannels to open, and high eoneentrations of 
Ca 2+ cause the voltage-gated Na + ehannels to 
elose. If the extracellular eoneentration of Ca 2+ 
deereases, the resting membrane potential 
depolarizes because voltage-gated Na + ehannels 
open and Na + diffuse into the eell. 

6 . When the eells are stimulated, there is an 
inerease in the permeability of their plasma 
membranes to Na + . Ihese ions difftise into the 
eells down their eoneentration gradients and 
cause depolarization of the plasma membranes. If 
the eoneentration gradient for Na + is reduced, 
the tendeney for Na + to difftise into the eell 
deereases. In eell A, with the reduced Na + 
eoneentration gradient, the graded potential 
(depolarization) is of a smaller magnitude than in 
eell B because fewer ions are able to difftise into 
the eell in response to the stimulus. 

7. If the extracellular eoneentration of Na + deereases, 
the magnitude of the aetion potential is reduced. 
Ihe smaller extracellular eoneentration of Na + 
reduces the tendeney for Na + to difftise into the 
eell when the Na + ehannels are open during an 
aetion potential. Consequently, the inside of the 
plasma membrane does not beeome as positive as it 
does in eells with a high extracellular eoneentration 
of Na + . Even though the magnimde of aetion 
potentials is reduced when the extracellular Na + 
eoneentration is reduced, all of the aetion 
potentials are the same magnimde (all-or-none 
prineiple). 

8 . A prolonged stronger-than-threshold stimulus 
produces more aetion potentials than a prolonged 
threshold stimulus of the same duration. A 
prolonged stronger-than-threshold stimulus ean 
stimulate more aetion potentials because the 


permeability of the membrane to Na + is 
inereased. A very strong stimulus ean even 
stimulate aetion potentials during the relative 
refraetory period, whereas a prolonged threshold 
stimulus stimulates a low frequency of aetion 
potentials. Thus, when a prolonged stronger-than- 
threshold stimulus is applied, less time elapses 
between the production of one aetion potential 
and the next, resulting in the production of a 
greater number of aetion potentials. 

9. If the duration of the absolute refraetory period is 
1 ms, that means aetion potentials ean be 
generated no faster than every milliseeond. The 
maximal frequency of aetion potentials is 1000 per 
seeond because there are 1000 milliseeonds in a 
seeond. 

10. Aetion potentials are transmitted fastest by 

eleetrieal synapses because the ionie currents ean 
quickly flow through the connexons. In eontrast, 
ehemieal synapses are slower because the 
synaptie vesieles must be stimulated to release 
neurotransmitter, which difftises aeross the 
synaptie eleft. The neurotransmitter must 
stimulate ligand-gated Na + ehannels to open. 
The resulting movement of Na + into the eell ean 
produce an aetion potential. All of these events 
take time. 

ehapter11 

1. Dorsal root ganglia eontain neuron eell bodies, 
which are larger in diameter than the axons of the 
dorsal roots. Aetion potentials are propagated in 
both direetions in spinal nerves, toward the spinal 
eord in the dorsal root and away from the spinal 
eord in the ventral root. 

2. Reflexive removal of the hand better proteets the 
hand from heat damage because it is much faster 
than conscious removal. For conscious removal to 
occur, aetion potentials resulting from the pain 
stimulus have to be conducted up an aseending 
traet to reaeh the brain, where awareness of the 
stimulus occurs. Ihen the brain deeides to remove 
the hand and through deseending traets stimulates 
the motor neurons to skeletal muscles. All of these 
aetivities take time. 

3. Nerves C5—Tl, which innervate the left arm, 
forearm, and hand, are damaged. 

4. Pain, tingling, and numbness radiating from the 
elbow, down the posterolateral portion of the 
forearm, and to the lateral side of the hand and 
fingers (4 and 5) are eonsistent with damage to the 
C8—Tl dermatome (see figure 11.12). Ulnar nerve 
damage results in the same symptoms in the lateral 
hand and fingers, but the symptoms do not radiate 
into the forearm and elbow (see figure 11.16). 
Careful examination of Sarafis right-upper limb to 
map the extent of the pain and numbness allows 
for a tentative differential diagnosis between ulnar 
nerve damage and damage to the C8—Tl braehial 
plexus roots. A radiograph of the neek ean indieate 
the presenee of an extra rib, which most 
eommonly affeets roots C8-Tl. As the ulnar nerve 
arises from the C8-Tl roots of the braehial plexus 
(see figure 11.14), all muscles innervated by that 
nerve ean be affeeted. Because the radial and 
median nerves also obtain some axons from the 
C8-Tl roots, some of their more distal-lateral 
muscles may also be affeeted. 

5. Damage to the right phrenie nerve results in the 
absenee of muscular eontraetion in the right half 
of the diaphragm. Because the phrenie nerves 
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originate from C3-C5, damage to the upper 
eervieal region of the spinal eord eliminates their 
functions; damage in the lower eord below the 
point where the spinal nerves originate does not 
affeet the nerves to the diaphragm. Breathing is 
affeeted, however, because the intereostal nerves to 
the intereostal muscles, which move the ribs, are 
paralyzed. 

6 . a. Often when one part of the head suffers a 

heavy blow, the brain moves within the eranial 
eavity and hits the opposite side of the eranial 
eavity. In this ease, the blow to the baek of the 
head foreed the brain anteriorly and the frontal 
lobes struck the frontal bones with enough 
foree to tear blood vessels between the brain 
and the dura. Subsequent bleeding from these 
vessels into the subdural spaee ereated the 
subdural hematoma. Ihis type of injury is a 
contrecoup brain injury because it occurred on 
the opposite side of the brain from the point of 
traumatic impaet. 

b. Ihe subdural hematoma foreing the medulla 
oblongata to herniate into the vertebral eanal 
caused the tissues of the medulla to beeome 
eompressed and fail to function. The medulla 
oblongata eontains the eenters for the eontrol 
of respiration and heart rate. lhus, damage to 
these areas of the brain intermpted the 
womans ability to regulate her breathing and 
heart rate, which was most likely a major 
contributing faetor in her death. 

7 . Ihe tongue is protmded by eontraetion of the 
geniohyoid muscle, which pulls the baek of the 
tongue forward, thereby pushing the muscle mass 
of the tongue forward. With one side pushed 
forward and unopposed by muscles of the opposite 
side, the tongue deviates toward the nonhmetional 
side. In the example, therefore, the right 
hypoglossal nerve is damaged. 

ehapter12 

1. Lesions on one side of the spinal eord that 
intermpt the spinothalamie traet (anterolateral 
system) eliminate pain and temperamre 
sensation below that level on the opposite side of 
the body. Ihis occurs because the pathway is 
eontralateral (aseending on the opposite side of the 
spinal eord) to the area of skin innervated by 
the reeeptors. 

2. Ihe damage to Bill’s spinal eord would be on the 
right side. Ihe dorsal column eonveys sensations 
of proprioeeption, fine touch, and vibration 
through the spinal eord on the same side of the 
body as the sensory reeeptors. Ihe damage to 
Mary’s brainstem would be on the lefit side of the 
pons. The damage occurred above the medulla 
oblongata where the seeondary neurons of the 
medial lemniscus decussate. 

3. Aetion potentials reaehing the auditory cortex is 
where the sound is “pereeived.” In the auditory 
assoeiation area the auditory information is 
eompared with past sounds. On the basis of that 
eomparison, the auditory assoeiation eategorizes 
the sound as new or as a reeognized sound and 
passes judgment on the importanee of the 
sound. 

4. a. Damage to the dorsal column on the left 

side results in the loss of two-point 
diserimination, proprioeeption, vibration, 
and pressure sensations from the left side of 
the body because the dorsal column/medial 


lemniseal system aseends ipsilaterally in the 
spinal eord. It erosses over in the medulla 
oblongata. Damage to the anterolateral 
system (spinothalamie traet) on the left side 
results in the loss of pain and temperature 
sensations from the right (eontralateral) side 
of the body because fibers entering the 
anterolateral system eross over where they 
enter the spinal eord. Damage to the 
spinoeerebellar traets on the left side results 
in loss of unconscious proprioeeption to the 
left cerebellum because the spinoeerebellar 
traets aseend ipsilaterally. 

b. Spinal eord level L2 and below supplies skin of 
the lower limb. 

e. Damage to the lateral eortieospinal traet and 
to the indireet pathways on the left side of the 
spinal eord results in loss of voluntary eontrol 
on the left side because these traets deseend 
ipsilaterally in the spinal eord. Ihe right 
eerebral cortex eontrols the left (eontralateral) 
side of the body because motor traets eross 
from one side to the other in the brainstem. 
The anterior spinothalamie traets extend to 
the midthorax and are unaffected by an injury 
at level L2. 

d. Spinal eord level L2 and below supplies the 
muscles of the lower limb. All of the nerves 
arising from the lumbosacral plexus are 
affeeted: obturator, femoral, tibial, and 
eommon fibular. 

5. The right half of the cerebellum reeeives input 
from, and projeets to, the lefit eerebral motor 
cortex. If the right half of the cerebellum is 
injured, the lefit eerebral cortex does not have the 
normal feedbaek and input from the cerebellum 
neeessary for normal movements. The right side 
of the body is affeeted because the left eerebral 
cortex eontrols the muscles on the right side of 
the body. 

6 . If a person holds an objeet in her right hand, taetile 
sensations of various types travel up the spinal eord 
to the brain, where they reaeh the somatie sensory 
cortex of the leff hemisphere and the objeet is 
reeognized. Aetion potentials then travel to 
Wernicke area, where the objeet is given a name. 
From there, aetion potentials travel to Broea area, 
where the spoken word is formulated. Aetion 
potentials from Broea area travel to the premotor 
area and primary motor cortex, where aetion 
potentials are initiated that stimulate the muscles 
neeessary to form the word. 

ehapter13 

1 . Sniffing is the rapid, repeated intake of air. Sniffing 
brings in more air eontaining odorants, which 
inereases the likelihood of deteeting an odor. 
Inhaling slowly and deeply is effeetive for the same 
reason. 

2. Eye drops plaeed into the eye tend to drain 
through the nasolaerimal duct into the nasal 
eavity. Reeall that much of what is eonsidered taste 
is actually smell. The medieation is deteeted by the 
olfaetory neurons and is interpreted by the brain 
as taste sensation. Crying produces extra tears, 
which are conducted to the nasal eavity, causing a 
“runny” nose. 

3. Inflammation of the eornea involves edema, the 
accumulation of fluid. Fluid accumulation in the 
eornea inereases its water eontent and, because 
water causes the proteoglyeans to expand, the 


transpareney of the lens deereases, interfering with 
normal vision. 

4. Eyestrain, or eye fatigue, occurs primarily in the 
eiliary muscles. It occurs because elose vision 
requires aeeommodation. Aeeommodation occurs 
as the eiliary muscles eontraet, releasing the 
tension of the suspensory ligaments and allowing 
the lens to beeome more rounded. Continued 
elose vision requires the maintenanee of 
aeeommodation, which requires that the eiliary 
muscles remain eontraeted for a long time, 
resulting in their fatigue. 

5. Rhodopsin breakdown is assoeiated with 
adaptation to bright light and occurs rapidly, 
whereas rhodopsin production is assoeiated with 
adaptation to eonditions of little light and occurs 
slowly. Eyes adapt rather quickly to bright light 
but quite slowly to very dim light. 

6 . Rod eells distributed over most of the retina are 
involved in both peripheral vision (out of the 
eorner of the eye) and vision under eonditions of 
very dim light. When attempting to focus direetly 
on an objeet, however, a person relies on the eones 
within the macula and fovea eentralis; although 
the eones are involved in visual acuity, they do not 
ffmetion well in dim light; thus, the objeet may 
not be seen at all. 

7. A light flashing off to the right side stimulates the 
left visual cortex. 

8 . A lesion in the right optie traet at C results in loss 
of vision in the left temporal and right nasal visual 
fields. 

9. When a tree falls in the forest it, of course, makes 
a sound. Ihat sound is “Timbre!” 

10. It is much easier to pereeive subtle musical tones 
when music is played somewhat softly, as opposed 
to very loudly, because loud sounds have sound 
waves with a greater amplitude, which causes the 
basilar membrane to vibrate more violently over a 
wider range. Ihe spreading of the wave in the 
basilar membrane makes it more difficult to hear 
subtle tone differenees. 

ehapter14 

1 . Terminal ganglia are found near or embedded 
within the wall of organs supplied by the 
parasympathetie division and contribute to the 
enterie nervous system. Postganglionie 
parasympathetie axons from the terminal ganglia 
also contribute to the enterie nervous system. 
Chain ganglia and eollateral ganglia eontain the 
eell bodies of sympathetie neurons. Ihey are not 
embedded within the walls of organs supplied by 
the sympathetie division. Instead, postganglionie 
neurons extend from them to organs. Thus, 
postganglionie sympathetie axons are found in the 
enterie nervous system. 

2. For a sensory axon mnning alongside sympathetie 
axons, the sensory axon leaves the wall of the small 
intestine in a splanehnie nerve. The sensory axon 
passes through the eollateral ganglion of the 
splanehnie nerve and continues on to a sympathetie 
ehain ganglion. From the sympathetie ehain 
ganglion, the sensory axon passes through a white 
ramus communicans, the ventral rami of a spinal 
nerve, a spinal nerve, and the dorsal root of a spinal 
nerve to a dorsal root ganglion. For a sensory axon 
running alongside parasympathetie axons, the 
sensory axon leaves the wall of the small intestine 
and runs parallel to preganglionie parasympathetie 
fibers of the vagus nerve to its sensory ganglion. 
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3. Nieotinie reeeptors are loeated within the 
autonomic ganglia as eomponents of the membranes 
of the postganglionie neurons of the sympathetie 
and parasympathetie divisions. Nieotine binds to 
the nieotinie reeeptors of the postganglionie 
neurons, resulting in aetion potentials. 
Consequently, the postganglionie neurons 
stimulate their effeetor organs. After the 
consumption of nieotine, structures innervated by 
both the sympathetie and the parasympathetie 
divisions are affeeted. After the consumption of 
muscarine, only the effeetor organs that respond to 
aeetyleholine are affeeted. This includes all the 
effeetor organs innervated by the parasympathetie 
division and the sweat glands, which are 
innervated by the sympathetie division. 

4. a. Ihe radial muscles of the iris cause the pupil 

to dilate, and the circular muscles cause the 
pupil to eonstriet. 

b. Ihe radial muscles are eontrolled by the 

sympathetie division, and the circular muscles 
are eontrolled by the parasympathetie division. 
e. An adrenergie drug could aetivate oq reeeptors 
on the radial muscles of the iris, causing 
dilation. A muscarinic bloeking agent could 
bloek muscarinic reeeptors on the circular 
muscles, causing less eonstrietion—that is, 
causing dilation. 

d. An inability to see close-up objeets indieates 
that the eiliary muscles of the eye are affeeted 
by the drug. A muscarinic bloeking agent 
could produce this effeet by bloeking the 
eontraetion of the eiliary muscles. Usually, 
pupil-dilating eye drops eontain a muscarinic 
bloeking agent and an adrenergie agent. 

e. Contraction of the radial muscles of the iris 
causes dilation of the pupil. An adrenergie 
bloeking agent could bloek a\ reeeptors on 
the radial muscles, causing less dilation. A 
muscarinic agent could stimulate muscarinic 
reeeptors on the circular muscles of the iris, 
causing pupil eonstrietion. 

f. Sympathetie stimulation of blood vessels 
normally keeps them in a state of partial 
eontraetion. Deereased sympathetie 
stimulation of blood vessels in the conjunctiva 
of the eye ean result in dilation of the blood 
vessels and bloodshot eyes. The pupil-dilating 
eye drops eontain an adrenergie bloeking 
agent, which dilates the pupils and, as a side 
effeet, produces bloodshot eyes. 

5. The frequency of aetion potentials in sympathetie 
neurons to the sweat glands inereases as the body 
temperature inereases. The inereasing body 
temperature is deteeted by the hypothalamus, 
which aetivates the sympathetie neurons. Sweating 
eools the body by evaporation. As the body 
temperature deelines, the frequency of aetion 
potentials in sympathetie neurons to the sweat 
glands deereases. A laek of sweating helps prevent 
heat loss from the body. 

6 . In response to an inerease in blood pressure, 
information is transmitted in the form of aetion 
potentials along sensory neurons to the medulla 
oblongata. From the medulla oblongata, the 
frequency of aetion potentials delivered along 
sympathetie nerve fibers to blood vessels deereases. 
As a result, blood vessels dilate, causing the blood 
pressure to deerease. In response to a deerease in 
blood pressure, fewer aetion potentials are 
transmitted along sensory neurons to the medulla 
oblongata, which responds by inereasing the 


frequency of aetion potentials delivered along 
sympathetie nerves to blood vessels. As a result, 
blood vessels eonstriet, causing blood pressure to 
inerease. 

7. The parasympathetie division releases 

aeetyleholine, which binds to muscarinic reeeptors 
on organs. Bethaneehol ehloride produces effeets 
similar to the stimulation of organs by the 
parasympathetie division. Thus, this drug should 
stimulate the urinary bladder to eontraet. Side 
effeets ean be produced by the stimulation of 
muscarinic reeeptors elsewhere in the body. Ihe 
stimulation of smooth muscle in the digestive 
traet ean produce abdominal eramps. Ihe 
stimulation of air passageways ean cause an 
asthmatie attaek. Deereased tear production, 
salivation, and dilation of the pupils are not 
expected side effeets because parasympathetie 
stimulation causes inereased tear production, 
salivation, and eonstrietion of the pupils. Sweat 
glands are innervated by the sympathetie division 
but have muscarinic reeeptors. Bethaneehol 
ehloride ean inerease sweating. 

ehapter15 

1. Ihe tumor causes overproduction of TSH, which 
stimulates the thyroid gland. Ihyroid hormones 
levels would be above normal. Through negative 
feedbaek, the elevated thyroid hormone levels 
inhibit TRH seeretion, so TRH levels would be 
below normal. 

2. A major fiinetion of plasma proteins, to which 
hormones bind, is to inerease the length of time 
that hormones persist in the blood. If the 
eoneentration of a plasma protein deereases, the 
hormone that binds to it is removed from the blood 
more rapidly than normal and the eoneentration of 
the hormone in the blood deereases. It is possible, 
however, that the eoneentration of the hormone 
does not ehange. This ean occur if the seeretion rate 
of the hormone inereases, eompensating for the 
inereased rate of removal. 

3. A drug ean inerease the eAMP eoneentration in a 
eell by stimulating its synthesis or by inhibiting its 
breakdown. Drugs that bind to a reeeptor that 
inereases adenylate eyelase aetivity will inerease 
eAMP synthesis. Because phosphodiesterase 
normally causes the breakdown of eAMP, an 
inhibitor of phosphodiesterase deereases the rate 
of eAMP breakdown and causes eAMP to inerease 
in the smooth muscle eells of the airway and 
produces relaxation. 

4. Membrane-bound reeeptors that inerease the 
synthesis of intracellular mediators, such as 
eAMP, normally aetivate enzymes already existing 
in the eytoplasm of the eell. The synthesis of 
eAMP occurs quickly, but the duration is short 
because eAMP is broken down quickly, and the 
aetivated enzymes are then deaetivated. 
Membrane-bound reeeptor meehanisms are 
therefore better adapted to short-term and rapid 
responses. Intracellular reeeptor meehanisms 
result in the synthesis of new proteins, which ean 
take time. Intracellular reeeptors are therefore 
better adapted for mediating responses that last a 
relatively long time (i.e., for many minutes, 
hours, or longer). 

5. The eell bodies of the neurons eells that produce 
ADH are in the hypothalamus, and their axons 
extend into the posterior pituitary, where ADH 
is stored and seereted. Removing the posterior 


pituitary severs the axons, resulting in a 
temporary reduction in seeretion. The eell bodies 
still produce ADH, however; as the ADH 
accumulates at the ends of severed axons, ADH 
seeretion resumes. 

6 . If GH is administered to young people before the 
growth of their long bones is eomplete, it causes 
their long bones to grow and they will grow taller. 
To aeeomplish this, however, GH has to be 
administered over a eonsiderable length of time. It 
is likely that some symptoms of aeromegaly will 
develop. In addition to undesirable ehanges in the 
skeleton, nerves frequently are eompressed as a 
result of the proliferation of eonneetive tissue. 
Because GH spares glucose usage, ehronie 
hyperglyeemia results, frequently leading to 
diabetes mellitus and the development of severe 
atheroselerosis. Mr. Hoops’ doetor would 
therefore not preseribe GH. 

7. a. TSI is structurally similar to TSH. TSI ean 

bind to TSH reeeptors in the thyroid gland 
and stimulate thyroid hormone seeretion. 

High levels of TSI results in hyperseeretion of 
thyroid hormones. 

b. TRH and TSH levels are lower than normal 
because the elevated levels of thyroid 
hormones inhibit their seeretion. 
e. The 311 treatment destroys thyroid gland 
tissue. So much tissue was destroyed that the 
thyroid gland was no longer able to produce 
normal amounts of thyroid hormones. 

d. TRH and TSH levels would be elevated 
because the low levels of thyroid hormones do 
not inhibit the hypothalamus and anterior 
pituitary. 

e. Even though Josie’s production of TRH and 
TSH is unaffected by the 311 treatment, they 
ean no longer regulate thyroid hormone 
seeretion within a normal range because there 
is not enough viable thyroid tissue left. Josie 
will have to maintain normal thyroid hormone 
levels by taking thyroid hormone pills. If Josie 
maintains normal thyroid hormone levels by 
taking thyroid hormones, TRH and TSH 
levels will be normal. 

8 . In response to a reduced dietary intake of Ca 2+ , 
the blood Ca 2+ levels begin to deeline. In response 
to the deeline in blood Ca 2+ levels, an inerease of 
PTH seeretion from the parathyroid glands occurs. 
The PTH inereases the breakdown of bone and the 
release of Ca 2+ from bone into blood, reduces 
Ca 2+ loss in urine, and inereases Ca 2+ absorption 
from the small intestine. However, if dietary intake 
of Ca 2+ is too low, normal blood Ca 2+ levels are 
maintained by removing Ca 2+ from bone. Severe 
dietary calcium defieieney results in bones that 
beeome soft and eaten away because of the 
deerease in Ca 2+ eontent. 

9. High aldosterone levels result in inereased K + 
seeretion and low blood K + levels. Ihe effeet of 
low blood K + levels is hyperpolarization of 
muscle and neurons. Ihe hyperpolarization 
results from the lower levels of K + in the 
extracellular fluid and a greater tendeney for K + 
to diffuse from the eell. As a result, a greater than 
normal stimulus is required to cause the eells to 
depolarize to threshold and generate an aetion 
potential. Symptoms of low serum K + levels 
therefore include lethargy and muscle weakness. 
Ihe major effeet of a low rate of aldosterone 
seeretion is elevated blood K + levels. As a result, 
nerve and muscle eells partially depolarize. They 





Appendix G 


A-24 


produce aetion potentials spontaneously or in 
response to very small stimuli because their 
resting membrane potential is eloser to threshold. 
The result is muscle spasms, or tetanus. 

10. Large doses of eortisone ean damage the adrenal 
cortex because eortisone inhibits ACTH seeretion 
from the anterior pituitary. ACTH is required to 
keep the adrenal cortex from undergoing atrophy. 
Prolonged use of large doses of eortisone ean 
cause the adrenal gland to atrophy to the point at 
which it eannot reeover if ACTH seeretion does 
inerease again. 

11 . An inerease in insulin seeretion in response to 
parasympathetie stimulation and gastrointestinal 
hormones is eonsistent with the maintenanee of 
homeostasis because parasympathetie stimulation 
and inereased gastrointestinal hormones result 
from eonditions such as eating a meal. Insulin 
levels therefore inerease just before large amounts 
of glucose and amino aeids enter the circulatory 
system. The elevated insulin levels prevent a large 
inerease in blood glucose and the loss of glucose in 
the urine. 

12 . Sympathetie stimulation during exercise inhibits 
insulin seeretion. Blood glucose levels are not 
high because skeletal muscle tissue continues to 
take up some glucose and metabolizes it. Muscle 
eontraetion depends on glucose stored in the 
form of glyeogen in muscles and fatty aeid 
metabolism. During a long run, glyeogen levels 
are depleted. The “kiek” at the end of the raee 
results from inereased energy production through 
anaerobie glyeolysis, which uses glucose or 
glyeogen as an energy source. Because blood 
glucose levels and glyeogen levels are low, the 
source of energy is insufficient for greatly 
inereased muscle aetivity. 

ehapter16 

1 . An elevated reticulocyte count indieates that 
erythropoiesis and the demand for red blood eells 
are inereased and that immature red blood eells 
(reticulocytes) are entering the circulation in large 
numbers. An elevated reticulocyte count ean occur 
for a number of reasons, ineffiding loss of blood; 
therefore, after a person donates a unit of blood, 
the retieffioeyte count inereases. 

2. Carbon monoxide binds to the iron of 
hemoglobin and prevents the transport of oxygen. 
The deereased oxygen stimulates the release of 
erythropoietin from the kidneys. Erythropoietin 
inereases red blood eell production in red bone 
marrow, thereby causing the number of red blood 
eells in the blood to inerease. 

3. The white blood eells shown in figure 16.8 are 
(a) lymphoeyte, (b) basophil, (e) monoeyte, 

(d) neutrophil, and (e) eosinophil. 

4. People with type AB blood were ealled universal 
reeipients because they eoffid reeeive type A, B, AB, 
or O blood with little likelihood of a transffision 
reaetion. Type AB blood does not have antibodies 
against type A or B antigens; therefore, the 
transffision of these antigens in type A, B, or AB 
blood does not cause a transffision reaetion in a 
person with type AB blood. The term is misleading, 
however, for two reasons. First, other blood groups 
ean cause a transffision reaetion. Seeond, antibodies 
in the donor s blood ean cause a transffision 
reaetion. For example, type O blood eontains 
anti-A and anti-B antibodies that ean reaet against 
the A and B antigens in type AB blood. 


5. a. HDN causes a deerease in the number of red 

blood eells. A transffision treats this anemia by 
inereasing the number of red blood eells, 
which promotes oxygen and earbon dioxide 
transport. 

b. An exchange transffision not only inereases the 
number of red blood eells but also deereases 
bilirubin and anti-Rh antibody levels by 
removing them in the withdrawn blood. Fewer 
anti-Rh antibodies deerease the aggffitination 
and lysis of red blood eells. 

e. Erythropoietin stimffiates red blood eell 

production. lhus, Billy has two sources of red 
blood eells: the donor blood and himself. 

d. Ihe destmetion of red blood eells in a fetus 
with HDN resffits in lower than normal 
numbers of red blood eells. The resffiting 
deerease in oxygen transport stimulates 
inereased erythropoietin production. 

e. After birth, Billy breathes on his own. The 
ability to oxygenate the blood using the ffings 
is greater than the ability to oxygenate the 
blood aeross the plaeenta. Billy’s blood oxygen 
levels inerease and erythropoietin levels 
deerease. Thus, his production of red blood 
eells deereases and his anemia gets worse. 

f. Ihe donor blood used in exchange 
transffisions for the treatment of HDN shoffid 
be Rh-negative, even though the newborn is 
Rh-positive. Rh-negative red blood eells do 
not have Rh antigens. Iherefore, any anti-Rh 
antibodies in the newborn’s blood do not reaet 
with the transffised Rh-negative red blood 
eells. Note, however, that Rh-positive blood is 
often used because supplies of Rh-negative 
blood are limited. A judgment is made on the 
severity of the HDN. In severe eases, Rh- 
negative blood is used. 

g. Giving Rh-negative blood to an Rh-positive 
newborn does not ehange the blood type of 
the newborn because blood type is genetieally 
determined. Eventually, all of the Rh-negative 
red blood eells die and the newborn produces 
only Rh-positive red blood eells. 

6 . A white blood count (WBC) shoffid be done. An 
elevated WBC, leukocytosis, ean be an indieation of 
baeterial infeetions. A differential WBC should also 
be done. An inerease in the number of neutrophils 
supports the diagnosis of a baeterial infeetion. 
Coupled with other symptoms, this ean mean 
appendieitis. If these tests are normal, appendieitis is 
still a possibility and the physieian must rely on 
other elinieal signs. Diagnostie accuracy for 
appendieitis is approximately 73%-83% for 
experienced physieians. 

ehapter17 

1 . Ihe anterior interventricular artery supplies 
blood to the anterior wall, most of the left 
ventriele, and the anterior part of the right 
ventriele. A bloeked anterior interventricular 
artery reduces the oxygen supply to the portion 
of the heart that is supplied by that artery, and 
the eardiae muscle in that area dies. If the elot 
forms in the anterior interventrieffiar artery just 
after it branehes from the eoronary artery, a large 
part of the heart dies and the heart stops 
pmnping blood. If the elot forms at the apex of 
the heart, a much smaller part of the heart is 
affeeted. The pumping eapability of the heart 
may be reduced, but the heart ean still pump 


blood. lhus, the amount of eardiae muscle tissue 
affeeted by a bloeked artery is eritieal. 

2 . Ihe heart must continue to ffinetion under all 
eonditions and requires energy in the form of 
ATP. During heavy exercise, laetie aeid is 
produced in skeletal muscle as a by-product of 
anaerobie glyeolysis. Ihe ability to use laetie aeid 
provides the heart with an additional energy 
source. 

3. It is important to prevent tetanie eontraetions in 
eardiae muscle because the eyele of eontraetion 
and relaxation stops during tetanie eontraetions. 
Ihis would cause the pumping aetion of the heart 
to stop. In skeletal muscle, the eyele of eontraetion 
and relaxation is not important as a pump, but it 
is important to maintain a statie eontraeted state. 
Ihis is essential to maintaining posture or to 
holding a limb in a speeifie position. 

4. If the normal blood supply is reduced in a small 
area of the heart through which the left bundle 
braneh passes, conduction of aetion potentials 
through that side of the heart is slowed or 
bloeked. As a consequence, the left side of the 
heart eontraets more slowly. Ihe right side of the 
heart eontraets more normally. The reduced rate of 
eontraetion of the left ventriele reduces the 
pumping effeetiveness of the left ventriele. 

5. When the AV and semiffinar valves are elosed, 
ventricular voffime does not ehange, even though 
the ventrieles are eontraeting. If the voffime does 
not ehange, then eardiae muscle eells are not 
ehanging length and the eontraetion is isometrie 
(see ehapter 8). 

6 . Ihe lefit ventriele has the thiekest wall. Ihe 
pressure produced by the left ventriele is much 
higher than the pressure produced by the right 
ventriele, when the ventrieles eontraet. It is 
important for eaeh ventriele to pump the same 
amount of blood because, with two eonneeted 
eireffiation loops, the blood flowing into one 
must equal the blood flowing into the other so 
that one does not beeome overfilled with blood at 
the expense of the other. For example, if the right 
ventriele pumps less blood than the left ventriele, 
blood must accumulate in the systemie blood 
vessels. If the left ventriele pumps less blood than 
the right ventriele, blood accumulates in the 
pffimonary blood vessels. 

7. Fibrillation makes eardiae muscle an ineffeetive 
pump. Ihe ventrieles are the primary pumping 
ehambers of the heart. Ventricular fibrillation 
results in death because of the heart’s inability to 
pump blood to the body and ffings. Ihe atria 
ffinetion primarily as reservoirs. Iheir pumping 
aetion is most important during exercise. 

Iherefore, atrial fibrillation does not destroy the 
ventrieles’ ability to pump blood. 

8 . A lubb-duppshhh is an abnormal heart sound 
immediately following the seeond heart sound. 

An abnormal heart sound immediately following 
a normal heart sound indieates an ineompetent 
valve. A semiffinar valve is ineompetent because 
the seeond heart sound is caused by elosing of 
the semiffinar valves. A schhlubb-dubb is an 
abnormal sound immediately before the first 
heart sound. An abnormal heart sound 
immediately before a valve eloses indieates a 
stenosed valve. An AV valve is stenosed because 
the seeond heart sound is caused by elosing of 
the AV valves. 

9. Sympathetie stimulation inereases heart rate. If 
venous return remains eonstant, stroke voffime 




A-25 


Appendix G 


deereases as the number of beats per minute 
inereases because the ventrieles have less time to fill. 

10. In response to severe hemorrhage, blood pressure 
deereases, which is deteeted by baroreeeptors. A 
reduced frequency of aetion potentials is sent 
from the baroreeeptors to the medulla oblongata. 
This causes the cardioregulatory eenter to inerease 
sympathetie stimulation of the heart and inerease 
the heart rate. Sympathetie stimulation of the 
heart also inereases stroke volume, as long as the 
volume of blood returned to the heart is adequate. 
Following hemorrhage, however, the blood 
volume in the body is reduced, which reduces 
venous return. The deereased venous return 
results in deereased preload and deereased foree of 
eontraetion of the ventrieles (Starling law). Thus, 
stroke volume is reduced. 

11 . a. Ihe stenosed valve makes it more difficult 

for eontraetions of the left ventriele to foree 
blood to flow into the aorta because of the 
narrowed opening. When the resistanee is 
sufficiently high, the stroke volume deereases 
because the lefit ventriele is unable to 
overeome the inereased resistanee (afterload) 
to blood flow through the stenosed valve. 
b. Ihe left ventriele must generate a greater foree 
during ventricular systole to cause blood to 
flow into the aorta because of the inereased 
resistanee caused by the stenosed aortie 
semilunar valve. Consequently, the left 
ventricular pressure is very high during 
ventricular systole, even though the systolie 
pressure is low. Just as skeletal muscle 
hypertrophies in response to the resistanee of 
moving heavy weights, eardiae muscle 
hypertrophies in response to the resistanee to 
blood flow through the stenosed valve. 
e. Ihe mean arterial pressure is equal to eardiae 
output (heart rate X stroke volume) X 
peripheral resistanee. Ihe mean arterial 
pressure deereases when stroke volume 
deereases, unless there is a eompensating 
inerease in heart rate or peripheral resistanee. 

d. When Norma rises to a standing position, 
gravity affeets blood in arteries and veins, and 
the blood tends to settle in blood vessels below 
the heart. Consequently, there is deereased 
venous return to the heart, which results in 
deereased eardiae output (Starling law of the 
heart). Ihe deereased eardiae output results in 
deereased blood pressure, deereased blood flow 
to the brain, and dizziness. 

e. When Norma stands, her blood pressure 
deereases, aetivating the baroreeeptor reflex. 
Her heart rate inereases. Although Norma has 
a normal baroreeeptor reflex, the heart is not 
able to pump enough blood past the stenosed 
valve to maintain blood pressure. 

f. Angina results from inadequate blood 
delivery to heart muscle through the 
eoronary circulation. Normas stenosed valve 
has reduced blood pressure in the aorta, 
which reduces blood delivery to the body and 
to the eoronary blood vessels. At rest, there is 
sufficient blood delivery to eardiae muscle, 
and there is no pain; however, when Norma 
starts exercising, the eardiae muscle requires 
greater delivery of oxygen by the blood, 
which is not possible with the stenosed valve. 
This results in an inerease in anaerobie 
glyeolysis and a deerease in pH, which are 
responsible for the pain of angina peetoris. 


ehapter 18 

1 . Arterioselerosis slowly reduces blood flow through 
the earotid arteries and therefore the amount of 
blood that flows to the brain. As the resistanee to 
flow inereases in the earotid arteries during the 
late stages of arterioselerosis, the blood flow to the 
brain is eompromised, resulting in reduced oxygen 
delivery. Confusion, loss of memory, and loss of 
the ability to perform other normal brain 
flmetions occur. 

2. a. Vasoeonstrietion of blood vessels in the skin 

in response to exposure to eold results in a 
deereased flow of blood through the skin 
and in a dramatie inerease in resistanee 
(Poiseuilles law). Vasoeonstrietion makes the 
skin appear pale. 

b. Vasodilation of blood vessels in the skin results 
in inereased blood flow through the skin. 
Vasodilation makes the skin appear flushed or 
red in eolor. 

e. In a patient with erythroeytosis, the 

hematoerit inereases dramatieally. As a result, 
the viseosity of the blood inereases, which 
inereases resistanee to flow. Consequently, 
flow deereases or a greater pressure is needed 
to maintain the same flow. 
d. Dehydration results in reduced plasma and 
inereased blood viseosity. Resistanee to blood 
flow inereases and blood flow deereases. 

3. Vasoeonstrietion causes inereased peripheral 
resistanee and inereased mean arterial pressure. 
Vasodilation causes deereased peripheral 
resistanee and deereased mean arterial pressure. 

4. Premature beats of the heart result in eontraetion 
of the heart muscle before the heart has had time 
to fill to its normal eapaeity. Consequently, a 
reduced stroke volume occurs, which results in a 
weak pulse in response to that premature 
eontraetion. Other eontraetions and the resulting 
pulses are normal. Weak pulses occur in response 
to hemorrhagie shoek because of a deereased 
venous return. Ihe heart does not fill with blood 
between eontraetions (deereased preload); the 
stroke volume is therefore reduced and the pulse 
is weak. Strong pulses in a person who reeeived 
too much saline solution in an intravenous 
transflision result from an inerease in venous 
return to the heart because of the inereased 
volume of fluid in the circulatory system. Ihe 
inereased venous return (inereased preload) 
causes inereased stroke volume, which inereases 
the pulse pressure. Exercise inereases stroke 
volume and pulse pressure. 

3. Returning to a horizontal position removes the 
effeet of hydrostatie pressure on the blood vessels 
of the lower limbs. As the pressure in the lower 
limbs deereases, the distensible (eompliant) veins 
are less stretehed. Venous volume deereases and 
venous return inereases, which inereases blood 
pressure. 

6 . Ihese eonditions deerease plasma protein 

eoneentrations. Thus, the movement of water by 
osmosis from the interstitial fluid into the blood 
deereases. Tess water removal results in edema. 
Keeping the legs elevated reduces the hydrostatie 
pressure in the eapillaries of the legs. A major 
effeet is that the pressure foree that moves fluid 
out of the eapillary is deereased. As a result, the 
net movement of fluid out of the arterial ends of 
eapillaries deereases and the net movement into 
the venous ends of the eapillaries inereases. 


Iherefore, excess interstitial fluid is earried away 
from the legs. 

7. When a blood vessel is bloeked (when the legs are 
erossed, for instanee), oxygen and nutrients are 
depleted, and waste products accumulate in tissue 
supplied by the bloeked blood vessel. The reduced 
supply of oxygen and nutrients and the 
accumulated waste products all cause vasodilation 
of arterioles and relaxation of the preeapillary 
sphineters. When the bloek to blood flow is 
removed, a large volume of blood rapidly flows 
through the arterioles and eapillaries, which gives 
the skin a red appearanee. 

8 . Severe vasoeonstrietion that results from Raynaud 
syndrome causes the digits to appear white because 
of the laek of blood flow through the eapillary beds 
in the digits. The preeapillary sphineters, which are 
not eontrolled by sympathetie stimulation, would 
be relaxed because of loeal eontrol meehanisms, 
such as reduced oxygen and inereased earbon 
dioxide levels in the tissues. 

9. A rapid loss of blood deereases blood volume and 
venous return. Consequently, stroke volume and 
blood pressure deerease. Vasoeonstrietion of veins 
could oppose this ehange by inereasing venous 
return. 

10. During a headstand, hydrostatie pressure inereases 
blood pressure in the head. As blood pressure in 
the lower limbs deereases because of deereased 
hydrostatie pressure, the eompliant veins are less 
stretehed and venous return inereases. Ihe 
inereased venous return inereases stroke volume 
and blood pressure. lhus, the blood pressure in 
the area of the aortie areh and earotid sinus 
baroreeeptors inereases. The inereased pressure 
aetivates the baroreeeptor reflexes, inereasing 
parasympathetie stimulation of the heart and 
deereasing sympathetie stimulation. Thus, the 
heart rate deereases. 

11. a. Ihe bloeked vein in Harry’s right leg caused 

edema and led to tissue isehemia. Edema 
developed inferior to the bloeked vein. 

Bloekage of the vein inereased the eapillary 
hydrostatie pressure in the eapillary beds 
drained by the bloeked vein. The inereased 
eapillary hydrostatie pressure inereased the 
amount of fluid that flowed from the eapillaries 
into the tissue spaees and reduced the amount 
of fluid that returned to the eapillaries. 
Consequently, fluid accumulated in the tissue 
spaees and caused edema (see figure 21.34). 

The isehemia resulted in pain, much the way 
isehemia of the heart causes pain during 
myoeardial infaretions (see ehapter 20). 
b. Emboli that originate in the posterior tibial 
vein pass through the following parts of the 
circulatory system before they lodge in the 
pulmonary arteries of the lungs: posterior 
tibial vein, popliteal vein, femoral vein, 
external iliae vein, eommon iliae vein, inferior 
vena eava, right atrium, right ventriele, 
pulmonary trunk, right or left pulmonary 
artery. Emboli will lodge in branehes of the 
pulmonary arteries. Emboli are most likely to 
lodge in the lungs because the pulmonary 
arteries braneh many times before they deliver 
blood to the pulmonary eapillaries and, as 
they braneh, their diameters deerease. Even 
small emboli will eventually lodge in the 
smaller branehes of the pulmonary arteries. 
The other parts of the circulatory system 
through which the emboli pass have much 
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larger diameters and emboli ean pass readily 
through them. 

e. When emboli are large enough or numerous 
enough to bloek blood flow through a 
signifieant part of the lungs, resistanee to 
blood flow through the lungs inereases. Ihe 
inereased resistanee to flow inereases the 
pulmonary venous pressure, which inereases 
the afterload for the right ventriele of the 
heart. If the right ventriele is unable to 
overeome the inereased afterload, failure of the 
right side of the heart ean occur, and blood 
flow through the lungs is reduced. 

d. Pulmonary emboli large enough to 
signifieantly reduce blood flow through the 
lungs reduces the lungs’ ability to earry out gas 
exchange with blood, and blood oxygen levels 
deerease. If blood flow through the lungs to 
the left side of the heart is reduced 
signifieantly, hypotension ean develop. 
Reduced blood flow to the left side of the 
heart will result in a reduced eardiae output 
because of deereased venous return (Starling 
law of the heart). As a result, blood pressure 
falls and the meehanisms that regulate blood 
pressure are aetivated (see “Regulation of 
Mean Arterial Pressure”). Manifestations of 
hypotension, such as an inereased heart rate, a 
weak pulse, and pallor, may be present. 

e. Heparin and coumadin are anticoagulants. 
Ihey are preseribed because they deerease the 
rate at which coagulation proeeeds (see 
ehapter 19). Heparin is administered 
intravenously, whereas coumadin ean be taken 
orally, which makes home use possible. 
Prothrombin time is eheeked periodieally 
because enough anticoagulant must be 
administered to prevent enlargement of the 
thrombus in the deep vein of Harry’s leg and 
to prevent additional emboli from forming. 
Enzymes continually break down coagulated 
blood. Clots are removed because the slower 
rate of coagulation allows them to be broken 
down faster than they ean be formed. It is also 
important to monitor Harry’s prothrombin 
time because excess bloekage of coagulation 
ean result in bleeding (see ehapter 19). 
Coumadin is preseribed for a substantial 
amount of time after a venous thrombosis or a 
pulmonary embolus has formed to prevent it 
from reoccurring. 

12. The baroreeeptor reflex, ADH, and renin— 
angiotensin—aldosterone meehanisms flinetion 
similarly in both eases. The fluid shift meehanism, 
however, is important when the loss of blood 
occurs over several hours, but it does not operate 
within a short period. The fluid shift meehanism 
plays a very important role in the maintenanee of 
blood volume when blood loss or dehydration 
develops over several hours. When the blood 
pressure deereases, interstitial fluids pass into the 
eapillaries, which prevents a flirther deeline in 
blood pressure. Ihe fluid shift meehanism is a 
powerful method through which blood pressure is 
maintained because the interstitial fluid aets as a 
fluid reservoir. 

ehapter19 

1 . a. Ihe lymphatie vessels remove fluid from 

tissues. Cancer eells that break free from a 
tumor ean spread, or metastasize, to other parts 


of the body by entering lymphatie or blood 
eapillaries (see ehapter 4). If they enter 
lymphatie eapillaries, they are earried by lymph 
to lymph nodes, which filter lymph. The first 
lymph nodes in which eaneer eells are likely to 
beeome trapped are the sentinel lymph nodes. 
b. All of Cindy’s sentinel lymph nodes eontained 
eaneer eells, indieating that the eaneer eells 
have spread into her lymphatie system. In 
order to minimize the risk of flirther 
metastasis, her axillary lymph nodes were 
removed because they drain the superficial 
thorax and upper limb. If none of the sentinel 
lymph nodes had eontained eaneer eells, 
however, an option would have been to not 
remove the axillary lymph nodes. 
e. When lymph nodes and their attaehed 

lymphatie vessels are removed, it dismpts the 
normal removal of fluid from tissues. Reeall 
from ehapter 18 that approximately one-tenth 
of the fluid entering tissues is normally 
removed by the lymphatie system. A reduction 
in this fluid removal ean result in an 
accumulation of fluid in the tissues. 

d. Exercise inereases skeletal muscle eontraetions 
and inereases breathing, both of which inerease 
lymph flow. Consequently, more fluid ean 
enter lymphatie eapillaries, reducing edema. 

e. Compression bandages or garments produce 
an external pressure on tissues and reduce 
the movement of fluid into tissues from 
blood eapillaries (see ehapter 18). It is 
reeommended that eompression bandages or 
garments be worn during daily aetivities, 
espeeially during exercise. 

f. Lymphatie vessels periodieally eontraet and 
relax, moving lymph in one direetion because 
of the valves within lymphatie vessels. The 
eompression pump mimies this effeet through 
external pressure ehanges. inereased pressure 
eompresses the lymphatie vessels, moving lymph. 
Deereased pressure allows the lymphatie 
vessels to expand and fill with lymph. The 
sequential pressure ehanges help move lymph 
in a distal-to-proximal direetion. 

2. Ihe T eells transferred to mouse B do not respond 
to the antigen. Ihe T eells are MHC-restricted and 
must have the MHC proteins of mouse A as well as 
antigen X to respond. 

3. When the antigen is eliminated, it is no longer 
available for proeessing and eombining with 
MHC elass II molecules. Consequently, no signal 
takes plaee to cause lymphoeytes to proliferate and 
produce antibodies. 

4. Ihe first exposure to the disease-causing agent 
(antigen) evokes a primary immune response. 
Gradually, however, antibodies degrade and 
memory eells die. If, before all the memory eells 
are eliminated, a seeond exposure to the antigen 
occurs, a seeondary immune response results. Ihe 
memory eells produced then ean provide 
immunity until the next exposure to the antigen. 

3. With the depression of helper T-eell aetivity, the 
ability of antigens to aetivate effeetor T eells is 
greatly deereased. The depression of eell-mediated 
immunity results in an inability to resist 
intracellular pathogens and eaneer. 

6 . Ihe booster shot stimulates a seeondary immune 
response, resulting in the formation of large 
amounts of antibodies and memory eells. 
Consequently, there is better, longer-lasting 
immunity. 


ehapter 20 

1. When you sleep with your mouth open, less air 
passes through the nasal passages. Ihis is espeeially 
true when the nasal passages are plugged because 
you have a eold. As a consequence, inspired air is 
not humidified and warmed. The dry air dries and 
irritates the throat. Air breathed through the 
mouth while mnning in very eold weather is not 
warmed and humidified, which ean irritate the 
throat, larynx, and traehea. 

2. When food moves down the esophagus, the 
normally eollapsed esophagus expands. If 

the eartilage rings were solid, expansion of the 
esophagus, and therefore swallowing, would be 
more difflcult. 

3. The eomflieting zone eonsists of the nose (i.e., 
external nose, nostrils, nasal eavity, and ehoanae), 
pharynx (i.e., nasopharynx, oropharynx, and 
laryngopharynx), larynx, and most of the 
traeheobronehial tree (i.e., traehea, main bronehi, 
lobar bronehi, segmental bronehi, bronehioles, 
and terminal bronehioles). The respiratory zone 
eonsists of the parts of the traeheobronehial tree 
distal to the terminal bronehioles—the respiratory 
bronehioles (with a few alveoli) and alveolar ducts 
(with many alveoli). 

4. During respiratory movements, the parietal and 
viseeral pleurae slide over eaeh other. Normally, 
the pleural fluid in the pleural eavities lubricates 
the surfaces of these membranes. When the 
pleural membranes are inflamed, their surfaces 
beeome roughened. Ihe rough surfaces rub 
against eaeh other and ereate an intense pain. The 
pain is inereased when a person takes a deep 
breath because the movement of the membranes is 
greater than during normal breaths. 

5. Relaxation of the abdominal muscles allows the 
abdominal organs to move inferiorly. lhus, it is 
easier for the diaphragm to inerease the volume of 
the thoraeie eavity. 

6 . Contraction of the muscles of inspiration causes 
the volume of the thoraeie eavity to inerease. 
Aeeording to Boyle’s law, as volume inereases, 
pressure deereases. 

7. If resistanee to airflow inereases, the only way to 
maintain the same airflow is to inerease the 
pressure differenee between the alveoli and 
outside the body. Aeeording to Boyle’s law, the 
greater the ehange in volume, the greater the 
ehange in pressure. inereased work by the 
muscles of respiration ean cause greater ehanges 
in thoraeie volume, resulting in greater pressure 
differenees. 

8 . Ihe tube should apply suction. In order for the 
lung to expand, pressure in the alveoli must be 
greater than the pressure in the pleural eavity. 
Ihis ean be aeeomplished by lowering the 
pressure in the pleural eavity through suction. 
Applying air under pressure would make 

the pressure in the pleural eavity greater than the 
pressure in the alveoli, which would keep the 
alveoli eollapsed. 

9. The alveolar ventilation is 4200 mL/min 
(12 X [500 — 150]). During exercise, the 
alveolar ventilation is 88,800 mL/min 

(24 X [4000 — 300]), a 21-fold inerease. The 

inereased air exchange inereases Po^ and 
deereases Pc 02 in the alveoli, thus inereasing 
gas exchange between the alveoli and the blood. 

10 . Ihe air the diver is breathing has a greater total 
pressure than atmospherie pressure at sea level. 
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Consequently, the partial pressure of eaeh gas in 
the air inereases. Aeeording to Henry’s law, as the 
partial pressure of a gas inereases, the amount 
(eoneentration) of gas dissolved in the liquid (e.g., 
body fluids) with which the gas is in eontaet 
inereases. When the diver suddenly aseends, the 
partial pressure of gases in the body returns toward 
sea level atmospherie pressure. As a result, the 
amount (eoneentration) of gas that ean be 
dissolved in body fluids suddenly deereases. When 
the fluids ean no longer hold all the gas, the gas 
bubbles form. 

11. During exercise, skeletal muscle eells inerease 
oxygen use in order to produce the ATP 
molecules required for muscle eontraetion. Ihe 
P 02 inside the eells therefore deereases, which 
inereases the diffusion gradient for oxygen, 
resulting in inereased movement of oxygen into 
the eells. Ihe aerobie production of ATP also 
produces earbon dioxide. The Pc 02 inside the 
eell therefore inereases, which inereases the 
difftision gradient for earbon dioxide, resulting 
in inereased movement of earbon dioxide out 
of eells. 

12. Blood pH deereases because of inereased C02 
production by the aetively working skeletal 
muscles. As earbon dioxide levels inerease, 
earbonie anhydrase eatalyzes the eonversion of 
C0 2 to earbonie aeid, which in turn dissoeiates 
into H + and HC 03 _ . Therefore, pH deelines. In 
addition, pH deelines because some of the skeletal 
muscle fibers produce laetie aeid as a result of 
anaerobie glyeolysis. Oxygen delivery to the 
skeletal muscles inereases during the raee. Under 
aeidie eonditions, hemoglobin’s affinity for oxygen 
deereases and more oxygen is released into the 
tissues (the oxygen-hemoglobin dissoeiation curve 
shifts to the right). 

13. Remember that the oxygen—hemoglobin 
dissoeiation curve normally shifts to the right in 
tissues. Ihe shift of the curve to the left caused 
by CO reduces hemoglobins ability to release 
oxygen to tissues, which contributes to the 
detrimental effeets of CO poisoning. In the 
lungs, the shift to the left may slightly inerease 
the hemoglobin’s ability to piek up oxygen, but 
this effeet is offset by its deereased ability to 
release oxygen to tissues. 

14. Hyperventilation deereases blood earbon dioxide 
levels, causing an inerease in blood pH. Holding 
ones breath inereases blood earbon dioxide levels 
and deereases blood pH. 

15. a. Normal arterial Po 2 is 95 mm Hg and Pco 2 

is 40 mm Hg. A Po 2 of 60 mm Hg and a 
Pco 2 of 30 mm Hg are below normal. 
b. Asthma causes eonstrietion of the terminal 
bronehioles, which reduces alveolar ventilation 
and alveolar Po 2 . Consequently, oxygen 
exchange aeross the respiratory membrane 
deereases and blood Po 2 deereases. Ihe earotid 
and aortie body ehemoreeeptors deteet the 
deerease in blood Po 2 , resulting in inereased 
stimulation of the respiratory eenters and an 
inereased respiratory rate. 

e. Constriction of the terminal bronehioles 

inereases resistanee to air flow. Will attempted 
to eompensate for the inereased resistanee by 
breathing more forcefully. 

d. No, Will’s arterial Po 2 and Po 2 are abnormally 
low. Despite the foreeffil breathing, Wills tidal 
volume was so low that his inereased 


respiratory rate did not inerease alveolar 
ventilation enough to restore homeostasis. 

e. Wills arterial Po 2 was lower than normal 
because of low alveolar Po 2 . The low arterial 
Po 2 stimulated him to hyperventilate. Despite 
the hyperventilation, alveolar ventilation was 
insufficient to restore normal arterial Po 2 . The 
hyperventilation, however, effeetively removed 
earbon dioxide from the blood because the 
difftision eoeffieient for earbon dioxide is 

20 times greater than that of oxygen. As a result, 
arterial Pco 2 is lower than normal. 

f. As WilPs arterial Pco 2 deereased, his blood 
pH would inerease (beeome more alkaline). 
Normally, if just blood pH inereased, that 
would be deteeted by the medullary 
ehemoreeeptors, leading to a deerease in 
ventilation (see figure 23.22). However, 
respiration results from the integration of 
many stirmili (see figure 20.18). During Wills 
asthma attaek, the effeet of the low arterial 
Po 2 on the respiratory eenters was greater than 
the effeet of the deereased blood pH. 

g. Inhaled (3-adrenergie agents cause relaxation 
of the smooth muscle in the bronehi and 
bronehioles. Bronehodilation improves airflow 
and faeilitates the return of blood gases to 
homeostatie levels. Inhaled gffieoeortieoids 
help reduce the inflammatory responses and 
mucus buildup assoeiated with asthma. 

16. When a person hyperventilates, Pco 2 in the blood 
deereases. Consequently, earbon dioxide moves out 
of eerebrospinal fluid into the blood. As earbon 
dioxide levels in eerebrospinal fluid deerease, H + 
and HC 03 ~ eombine to form earbonie aeid, which 
forms earbon dioxide. Ihe result is a deerease in 
H + eoneentration in eerebrospinal fluid and 
deereased stimulation of the respiratory eenter by 
the ehemosensitive area. Until blood Pco 2 levels 
inerease, the ehemosensitive area is not stimulated 
and apnea results. 

17. lhrough touch, thermal, or pain reeeptors, the 
respiratory eenter ean be stimffiated to cause a 
sudden inspiration of air. 

ehapter 21 

1 . Ihe moist stratified squamous epithelium of the 
oropharynx and the laryngopharynx proteets these 
regions from abrasive food when it is first 
swallowed. Ihe eiliated pseudostratified 
epithelium of the nasopharynx helps move mucus 
produced in the nasal eavity and the nasopharynx 
into the oropharynx and esophagus. It is not as 
neeessary to proteet the nasopharynx from 
abrasion because food does not normally pass 
through this eavity. 

2. Sipping a liquid is the voffintary phase of 
swallowing. The movement of fffiid into the 
pharynx initiates the invoffintary pharyngeal phase 
of swallowing. As the fluid is moved into the 
esophagus, the esophageal phase of swallowing is 
initiated, resffiting in peristalsis, which moves the 
“stuck” food into the stomaeh. 

3. Peptides stimulate ehief eells to seerete 
pepsinogen and parietal eells to seerete 
hydroehlorie aeid. Ihe aeid eonverts the inaetive 
pepsinogen into pepsin, which digests proteins 
(peptides). lhus, peptides stimulate the stomaeh 
to digest peptides. Ihe homeostasis “set point” for 
peptides is no peptides in the stomaeh. When 


peptides appear, the negative-feedbaek meehanism 
causes them to be digested, which returns the 
system to its set point. 

4. After a heavy meal, blood pH may inerease 
because, as biearbonate ions pass from the eells of 
the stomaeh into the extracellular fluid, the pH of 
the extracellular fluid inereases. As the extracellular 
fluid exchanges ions with the blood, the blood pH 
also inereases. 

5. As long as bile salts are reabsorbed in the ileum, 
they stimffiate additional bile seeretion in the liver. 
Ihis proeess stops when the duodenum empties, 
which causes seeretin and eholeeystokinin levels to 
deerease. Bile seeretion deereases and the 
sphineters regffiating the movement of bile into 
the duodenum elose. Consequently, bile no longer 
enters the duodenum, which “breaks” the positive- 
feedbaek loop of bile salts stimffiating additional 
bile seeretion. 

6 . Seeretin production and its stimffiation of 
biearbonate ion seeretion constitute a negative- 
feedbaek meehanism because, as the pH of the 
ehyme in the duodenum deereases as a result of the 
presenee of aeid, seeretin causes an inerease in 
biearbonate ion seeretion, which inereases the pH 
and restores the proper pH balanee in the 
duodenum. 

7 . a. Ihe spinal eord injury has disrupted aseending 

and deseending nerve traets. Dan has no 
awareness of the need to defeeate, and he has 
lost the ability to relax or eontraet the external 
anal sphineter. 

b. Ihe defeeation reflex eenter in the conus 
medffilaris is still ffmetional. Distention 
caused by an enema ean aetivate the 
defeeation reflex. 

e. After breakfast, the gastroeolie and 
duodenocolic reflexes ean cause mass 
movement of feees into the rectum, causing 
distention and aetivation of the defeeation 
reflex. vffiìter breakfast may be better than after 
other meals because there is more time for 
feees to have moved into the eolon. 

d. Straining inereases abdominal pressure, which 
stimulates reflexive eontraetion of the external 
anal sphineter. Ihis reflex is still ffmetional in 
Dan. During straining in a noninffired person, 
the brain is able to inhibit this reflex through a 
deseending nerve traet. Because of the 
disruption of Dan’s deseending nerve traets, 
however, his brain no longer ean inhibit the 
reflex, so, when Dan strains, the external anal 
sphineter eontraets. 

e. Even if the defeeation reflex eenter is damaged, 
the loeal reflexes of the enterie nervous system 
are still ffmetional. Although this loeal 
eomponent of the defeeation reflex is weak 
and laeks voffintary eontrol, defeeation ean 
still occur with assistanee from large enemas 
and strong eatharties. Cathartics ffmetion by 
inereasing feeal voffime, softening feees, or 
stimffiating intestinal muscle eontraetions. 

ehapter 22 

1. If vitamins are broken down during the proeess of 
digestion, their structures are destroyed and, as a 
resffit, their ability to ffmetion is lost. 

2. Ihe Daily Vaffie for earbohydrate is 300 g/day. 

One serving of food with 30 g of earbohydrate has 
a % Daily Vaffie of 10% (30/300 = .10, or 10%). 
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3. On an 1800 keal/day diet, the total pereentage 
of Daily Values for energy-producing nutrients 
should add up to no more than 90%, because 

1800/2000 = 0.9, or 90%. 

4. If the eleetron of the eleetron-transport ehain 
eannot be donated to oxygen, the entire eleetron- 
transport ehain and the eitrie aeid eyele stop, no 
ATP ean be produced aerobieally, and death 
results because too little energy is available for 
the body to perform vital functions. Anaerobie 
glyeolysis is not adequate to provide all the 
energy needed to maintain human life, except for 
a short time. 

3. The kiloealories in a beer or eola is about 145 keal. 

It takes about 1.5 h to burn off these kiloealories 
while watching TV (145/95 = 1.5 h) and about 
15 min while jogging (145/580 = 0.25 h). Although 
it may be difhcult to burn off kiloealories through 
exercise, it is elear that exercise ean signifieantly 
inerease kiloealorie use. 

6 . When muscles eontraet, they use ATP. As a result 
of the ehemieal reaetions neeessary to synthesize 
ATP, heat is also produced. During exercise, the 
large amounts of heat ean raise body temperature, 
and we feel warm. Shivering eonsists of small, 
rapid muscle eontraetions that produce heat in an 
effort to prevent a deerease in body temperature in 
the eold. 

7. Vasoeonstrietion reduces blood flow to the skin, 
which reduces skin temperature because less 
warm blood from the deeper parts of the body 
reaehes the skin. As the differenee in 
temperature between the skin and the 
environment deereases, less loss of heat occurs. 

If the skin temperature deereases too much, 
however, dilation of blood vessels to the skin 
occurs, which prevents the skin from beeoming 
so eold that it is damaged. 

ehapter 23 

1. Even though hemoglobin is a smaller molecule 
than albumin, it does not normally enter the 
filtrate because hemoglobin is eontained within 
red blood eells and these eells eannot pass 
through the filtration membrane. Conditions 
that cause red blood eells to rupture (hemolysis) 
result in large amounts of hemoglobin entering 
the filtrate. 

2 . Ihe skin normally prevents water loss because it is 
relatively impermeable to water (see ehapter 5). 

A large surface area burn results in fluid loss 
because of the loss of skin. Fluid loss results in 
deereased blood volume and blood pressure. In 
response, sympathetie aetivity inereases, causing 
inereased heart rate and pale skin (see ehapter 
18). Blood pressure is restored to the low normal 
range. Ihe inereased sympathetie aetivity also 
causes intense vasoeonstrietion, including 
vasoeonstrietion of arteries and arterioles 
supplying the kidneys. Constriction of the renal 
arteries and the renal afferent arterioles deereases 
the blood pressure in the glomeruli. As a 
consequence, the glomemlar eapillary pressure, 
filtration pressure, glomerular filtration rate, and 
urine production deerease. After an IV is 
administered and blood volume inereases, the 
blood pressure returns to normal and renal 
arteries and arterioles onee again dilate; thus, 
glomemlar eapillary pressure, filtration pressure, 
and urine production inerease to normal levels. 


3. Without the normal aetive transport of Na + , the 
eoneentration of Na + and ions symported with 
them remains elevated in the nephron. This 
inereases the osmotie eoneentration of the filtrate 
and less water moves out of the filtrate. Ihe result 
is an inereased volume of urine. 

4. a. Billy has defeetive ADH reeeptors. When ADH 

binds to the reeeptor, the G protein meehanism 
responsible for inserting aquaporin-2 molecules 
is not aetivated. Iherefore, the distal convoluted 
tubules and eolleeting ducts are not permeable 
to water, resulting in a large volume of dilute 
urine. Billys blood Na + levels are high because 
he is not reabsorbing normal amounts of water 
from the filtrate. 

b. Ihe infants’ plasma levels of ADH will 
inerease during the water deprivation test. 
Water deprivation results in inereased blood 
osmolality, which stimulates ADH seeretion. 
The hallmark of NDI is a normal seeretion of 
ADH from the pituitary followed by an 
abnormal response in the kidney. If Billy had 
CDI, his ADH plasma levels of ADH would 
be abnormally low to nondeteetable because 
eentral diabetes insipidus results from a 
defieieney in ADH seeretion. 
e. Ihe abnormal aquaporin-2 molecules would 
inhibit water reabsorption. The water would 
stay in the distal convoluted tubules and 
eolleeting ducts to exit the body as part of urine. 
d. Water that moves into the eolleeting duct 
eells would move into the interstitial fluid at 
a reduced rate because of the reduced 
number of aquaporins. Urine volume would 
inerease because of water retention in the 
distal convoluted tubule and eolleeting 
ducts. Urine eoneentration would deerease 
because of dilution by the water. ADH ean 
cause an inerease in the number of 
aquaporin-2 water ehannel proteins in the 
apieal membrane of the distal convoluted 
tubules and eolleeting ducts, but not in 
aquaporin-3 or aquaporin-4 ehannels in the 
basal membranes. These ehannels determine 
the permeability of the basal membranes to 
water. Iherefore, ADH would not be an 
effeetive treatment. Ihe net effeet would be 
the production of a large volume of dilute 
urine as in nephrogenie diabetes insipidus 
caused by an abnormal aquaporin-2 water 
ehannel protein. 

5. A deerease in blood pressure is most likely caused by 
a deerease in blood volume. Meehanisms that 
inerease blood volume help restore blood pressure. 
inereased aldosterone seeretion inereases Na + 
reabsorption in the kidneys. inereased ADH 
seeretion inereases water reabsorption from the 
kidneys. Together, the inereased movement of Na + 
and water into the blood inereases blood volume 
while maintaining blood osmolality. An inereased 
sensation of thirst results in inereased fluid intake, 
and inereased salt appetite inereases Na + intake. 

This inereases blood volume while maintaining 
blood osmolality. 

6 . Ingesting the salty potato ehips inereases blood 
osmolality, which stimulates the sensation of thirst 
and inereases ADH seeretion. The inereased ADH 
promotes water reabsorption by the kidneys in 
order to maintain normal blood osmolality. 
Therefore, urine volume deereases. The inereased 
reabsorption of water inereases blood volume, 


which inereases blood pressure. The inereased 
blood pressure inhibits renin seeretion and, 
therefore, aldosterone seeretion. Deereased 
aldosterone seeretion results in less Na + 
reabsorption and more Na + are lost in the urine. 
Ihe inereased blood pressure also stimulates 
inereased ANH seeretion, which deereases the 
reabsorption of Na + from the filtrate. The 
retention of Na + in the filtrate inereases the 
eoneentration of Na + in the urine. The final 
result is the production of a small volume of 
eoneentrated urine. 

7. The urethra of females is much shorter than the 
urethra of males. In addition, the opening of the 
urethra in females is eloser to the anus, which is a 
potential source of baeteria. Ihe female urinary 
bladder is therefore more aeeessible to baeteria 
from the exterior. This aeeessibility is a major 
reason that urinary bladder infeetions are more 
eommon in females than in males. 

8 . During exercise, the amount of water lost is 
inereased because of inereased evaporation from 
the respiratory system, inereased insensible 
perspiration, and inereased sweat. The amount of 
water lost in the form of sweat ean inerease 
substantially. The amount of urine formed 
deereases during exercise. 

9. During hemorrhagie shoek, blood pressure 
deereases and viseeral blood vessels eonstriet, 
including those supplying the kidneys. As a 
consequence, blood flow to the kidneys deereases 
and the glomemlar eapillary pressure deereases 
dramatieally. Therefore, filtration pressure 
deereases, glomemlar filtration rate deereases, and 
urine production deereases, resulting in the 
production of a small volume of eoneentrated 
urine. The deereased blood pressure stimulates the 
ADH meehanism, resulting in inereased ADH 
seeretion; the renin-angiotensin-aldosterone, 
resulting in inereased aldosterone seeretion, and 
the ANH meehanism, resulting in deereased ANH 
seeretion. inereased aldosterone and deereased 
ANH cause inereased Na + reabsorption, and 
inereased ADH causes inereased water 
reabsorption. Ihe movement of Na + and water 
into the blood helps maintain homeostasis by 
inereasing blood volume and blood pressure. 

10. Hyperventilation results in a greater than normal 
rate of earbon dioxide loss from the circulatory 
system. Because earbon dioxide is lost from the 
circulatory system, H + eoneentration deereases 
and the pH of body fluids inereases. Breathing 
into a paper bag eorreets for the effeets of 
hyperventilation because the person rebreathes air 
that has a higher eoneentration of earbon dioxide. 
Ihe result is an inerease in earbon dioxide in the 
body. Consequently, the H + eoneentration 
inereases and pH deereases toward normal levels. 

11. Elevated blood earbon dioxide levels cause an 
inerease in H + and a deerease in blood pH due to 
the following reaetion: 

co 2 + h 2 o ^2 h 2 co 3 th+i hco 3 - 

However, the kidney plays an important role in the 
regulation of blood pH. The kidney’s rate of H + 
seeretion into the urine and reabsorption of 
HC0 3 “ inerease. This helps prevent high blood 
H + levels and low blood pH in Mr. Puffer. Ihe 
blood levels of HC0 3 “ would be greater than 
normal because of the inereased reabsorption of 

hco 3 -. 
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1 . The prostate gland is anterior to the wall of the 
rectum. A finger inserted into the rectum ean 
palpate the prostate gland through the reetal wall. 

2. Clotting helps keep the sperm eells within the 
female reproductive traet. Onee the semen is in 
eontaet with the uterus, breaking down the 
elotting proteins faeilitates the movement of sperm 
eells into the uterus. 

3. Primary and seeondary sexual eharaeteristies develop 
in response to testosterone. With inadequate 
testosterone, the male genitalia do not develop and 
remain juvenile. Normal adult sexual behavior does 
not develop, nor do the adult pattern of hair growth, 
skin ehanges, laryngeal ehanges, inereased 
metabolism, and muscle and bone development. 

4. a. Progesterone inhibits GnRh release from the 

hypothalamus. Consequently, seeretion of LH 
and FSH from the anterior pituitary deereases. 
The inhibition of LH lowers LH levels and 
prevents the LH surge, which is neeessary for 
ovulation. Deereased FSH inhibits folliele 
development, which deereases estrogen 
production by the ovaries. Deereased estrogen 
inhibits the LH surge because normally 
inereased estrogen around the time of 
ovulation is part of a positive-feedbaek 
meehanism that produces the LH surge. 
Inhibition of folliele development and 
ovulation prevents pregnaney. 
b. After 21 days, not taking progesterone and 
estrogen results in a deerease in hormone level, 
which induces menstmation. 
e. Taking the pill every day at the same time 
reinforees the habit and makes it unnecessary 
for a woman to remember when to resume 
taking the pills eontaining the hormones. 
d. Ihe pill should be started at or near the 

beginning of the eyele because this is the best 
time to prevent folliele maturation. Later in 


the eyele, there is a risk that a folliele has 
already matured and pregnaney could result. It 
is reeommended for the first 2 weeks of taking 
the pill that other methods of eontraeeption 
be used when having sex. Starting the pill on 
Sunday is a way of determining when a 
woman has her period. As a matter of 
preferenee, many women want to have their 
period during the week rather than the 
weekend. Therefore, a Sunday-starter would 
stop taking the pill eontaining hormones 3 
weeks after she starts and would have her 
period in the following week. 

5. After menopause, estrogen and progesterone are 
produced by the ovary in only small amounts. 
Consequently, estrogen and progesterone levels in 
the blood are low. These hormones have a 
negative-feedbaek effeet on the seeretion of 
GnRH, FSH, and LH. Therefore, in the absenee 
of estrogen and progesterone, GnRH, FSH, and 
LH are seereted in greater amounts and their 
blood levels inerease. However, there is no LH or 
FSH surge. Ihe average eoneentration of LH and 
FSH is greater than the levels that occur either 
before or after ovulation. 

ehapter 25 

1 . Two primitive streaks on one embryonie disk 
result in the development of two embryos. If the 
two primitive streaks are touching or are very elose 
to eaeh other, the embryos may be joined. Ihis 
eondition is ealled eonjoined (Siamese) twins. 

2. Because the early embryonie heart is a simple 
tube, blood must be foreed through the heart in 
almost a peristaltie fashion, and the eontraetion 
begins in the sinus venosus. If the sinus venosus 
did not eontraet first, blood could flow in the 
opposite direetion. 

3. The laek of miillerian-inhibiting hormone allows 
the paramesonephrie duct system to develop into 


4 


the internal female reproductive structures, 
particularly the uterus and the uterine tube. 
Assuming that testosterone seeretion is normal, the 
internal male reproductive system will also 
develop. In the presenee of testosterone, the 
external male genitalia also develop. 

eiinieal 


Fertilization 
Implantation 
Fetal period 
Parturition 


Age 
14 days 
21 days 
70 days 
280 days 


Developmental 

Age 

0 days 
7 days 
56 days 
266 days 


5. Elevation of Ca 2+ levels might cause the uterine 
muscles to eontraet tetanieally. This tetanie 
eontraetion might eompress blood vessels and cut 
the blood supply to the fetus. Hyperealeemia ean 
also result in arrhythmias and muscle weakness 
(see ehapter 23). The doetor would therefore not 
administer Ca 2+ to the woman in labor but 
could give oxytocin, which strengthens 
eontraetions but is less likely to produce tetany. 

6 . Nursing stimulates the release of oxytocin from the 
mother’s posterior pituitary gland, which is 
responsible for milk letdown. Oxytocin ean also 
cause uterine eontraetions and eramps. 

7. Genotype DD (homozygous dominant) has the 
polydaetyly phenotype, genotype Dd (heterozygous) 
has the polydaetyly phenotype, and genotype dd 
(homozygous reeessive) has the normal phenotype. 

8 . None. One in two will be homozygous normal and 
one in two will be normal heterozygous earriers. 

9. The probability of a girl with Turner syndrome 
(XO; that is, with one X ehromosome and no 
other sex ehromosome) having hemophilia if her 
mother is a earrier for hemophilia is the same as 
for a male because she has only one X 
ehromosome. If her mother is a earrier for 
hemophilia (X // X A ), the daughter will be either 
X^O (normal) orX^O (hemophiliae). The 
probability is 1/2, or 50%. 
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taken, genesis 

k 

kept 

e 

term, learn 

ks 

tax 

I 

pie 

kw 

quit 

1 

pit, sieve, build 

1 

law 

ò 

note, for so, 

m 

me 
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not, oneology, ought 

n 

no 

oo 

food 

n g 

ring 

ow 

cow, out 

P 

pan 

oy 

troy, void 

r 

rot 

u 

unit, curable 
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so, miss 

u 

cut 

sh 

should 

Consonants 

t 

ten 

b 

bad 

th 

thin, with 

eh 

ehild 

V 

very 

d 

dog 

w 

we 

dh 

this, smooth 

y 

yes 

f 

fit 

z 

zero 

g 

got 

zh 

azure, 

h 

hit 


measure 

• 
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jade 




Many of the words in this glossary and the text 
are followed by a simplified phonetie spelling 
showing pronunciation. The pronunciation key 
refleets standard elinieal usage as presented in 
Stedmaris Medieal Dietionary (27th edition), a 
leading referenee volume in the health seienees. 

The phonetie system used is a basie one 
and has only a few eonventions: 

• Two diaeritieal marks are used; the 
maeron ( _ ) for long vowels; and the 
breve (“) for short vowels. 

• Prineipal stressed syllables are followed 
by a prime ('); monosyllables do not 
have a stress mark. 

• Other syllables are separated by hyphens. 

The following pronunciation key provides 
examples and eonsonant sounds encountered 
in the phonetie system. No attempt has been 
made to aeeommodate the slurred sounds 
eommon in speeeh or regional variations in 
speeeh sounds. Note that a vowel with a breve 
(“) is used for the indefinite vowel sound of the 
schwa (a). Native pronunciation of foreign 
words is approximated as elosely as possible. 

Pronunciation Key 

Vowels 

à day, eare, gauge ah father 

a mat, damage aw fall, cause, raw 

à about, para è be, equal, ear 


In some words the initial sound is not that 
of the initial letter(s), or the initial letter(s) is 
not sounded or has a different sound, as in the 
following examples: 


aerobe (ar'ob) 
eimuria (ime're-a) 

gnathie (nath'ik) 
knuckle (nuk-l) 
oedipism (ed'i-pizm) 


phthalein (thal'e-in) 
pneumonia 
(nu-mo'ne-a) 
psyehology (si-kol'o-je) 
ptosis (to'sis) 
xanthoma (zan-tho'ma) 


A 

A band Length of the myosin myofilament in a 
sareomere. 

abdomen (ab-dó'men, ab'dò-men) Belly, between 
the thorax and the pelvis. 

abduction (ab-duk'shun) [L., abdnetio, take away] 
Movement away from the midline. 

absolute refraetory period (ab'só-loot rè-frak'tór-è) 
Portion of the aetion potential during which the 
membrane is insensitive to all stimuli, regardless of 
their strength. 

absorptive eell (ab-sórp' tiv) Cell on the surface of 
villi of the small intestines and the luminal surface of 
the large intestine that is eharaeterized by having 
mierovilli; seeretes digestive enzymes and absorbs 
digested materials on its free surface. 

absorptive state Immediately after a meal when 
nutrients are being absorbed from the intestine into 
the circulatory system. 


aeeommodation (à-kom'ò-dà'shun) [L., ae + 
eommodo, to adapt] Ability of eleetrieally excitable 
tissues, such as nerve or muscle eells, to adjust to a 
eonstant stimulus so that the magnimde of the loeal 
potential deereases through time; also ealled 
adaptation. 

acetabulum (as-é-tab'u-lum) [L., shallow vinegar 
vessel or cup] Cup-shaped depression on the external 
surface of the coxa. 

aeetyleholine (ACh) (as-e-til-kò'lèn) Neurotransmitter 
substance released from motor neurons, all 
preganglionie neurons of the parasympathetie and 
sympathetie divisions, all postganglionie neurons of the 
parasympathetie division, some postganglionie 
neurons of the sympathetie division, and some 
eentral nervous system neurons. 
aeetyleholinesterase (as'è-til-kò-lin-es'ter-às) Enzyme 
found in the synaptie eleft that causes the breakdown 
of aeetyleholine to aeetie aeid and eholine, thus 
limiting the stimulatory effeet of aeetyleholine. 


Aehilles tendon See ealeaneal tendon. 
aeid (as'id) Molecule that is a proton donor; any 
substance that releases hydrogen ions (H + ). 
aeidie Solution eontaining more than 10' +7 mol of 
hydrogen ions per liter; has a pH less than 7. 
acinus; pl. aeini (as'i-nus, as'í-nl) [L., berry, 
grape] Grape-shaped seeretory portion of a gland. 

The terms aeinas and alveolas are sometimes used 
interehangeably. Some authorities differentiate the 
terms: Aeini have a eonstrieted opening into the 
excretory duct, whereas alveoli have an enlarged 
opening. 

aeromion (à-krò'mè-on) [Gr., akron, extremity + 
omos, shoulder] Bone eomprising the tip of the 
shoulder. 

aerosome (ak'rò-sòm) [Gr., akron, extremity + soma, 
body] Cap on the head of the spermatozoon, with 
hydrolytie enzymes that help the spermatozoon 
penetrate the ovum. 

aetin myofilament (ak'tin) Thin myofilament within 
the sareomere; eomposed of two F aetin 
molecules, tropomyosin, and troponin molecules. 
aetion potential [L potentia, power, poteney] 

Change in membrane potential in an excitable tissue 
that aets as an eleetrie signal and is propagated in an 
all-or-none fashion. 

aetivation energy (ak-ti-và'shun) Energy that must be 
added to molecules to initiate a reaetion. 
aetive site Portion of an enzyme in which reaetants are 
brought into elose proximity and that plays a role in 
reducing aetivation energy of the reaetion. 
aetive tension Tension produced by the eontraetion of 
a muscle. 

aetive transport Carrier-mediated proeess that 
requires ATP and ean move substances against a 
eoneentration gradient. 

adaptive immunity Immune status in which there is 
an ability to reeognize, remember, and destroy a 
speeifie antigen. 

adenohypophysis (ad'é-nò-hì-pof'í-sis) Portion of the 
hypophysis derived from the oral eetoderm; also 
ealled anterior pituitary. 
adenosine diphosphate (ADP) (à-den'ò-sèn) 
Adenosine, an organie base, with two phosphate 
groups attaehed to it. Adenosine diphosphate 
eombines with a phosphate group to form adenosine 
triphosphate. 

adenosine triphosphate (ATP) Adenosine, an organie 
base, with three phosphate groups attaehed to it. 
Energy stored in ATP is used in nearly all of the 
endergonie reaetions in eells. 
adenylate eyelase (ad'e-nil siklàs) An enzyme aeting on 
ATP to form 3',5'-cyclic AMP plus pyrophosphate 
(two phosphate groups). A emeial step in the 
regulation and formation of the intracellular 
ehemieal signal 3',5'-cyclic AMP. 
adipoeyte (ad'i-pò-sit) Fat eell. 
adipose (ad'i-pòs) [L., adeps, fat] Fat. 
adrenal gland (à-drè'nàl) [L., ad, to + ren, 
kidney] Loeated near the superior pole of eaeh 
kidney, it is eomposed of a cortex and a medulla. The 
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adrenal medulla is a highly modified sympathetie 
ganglion that seeretes the hormones epinephrine and 
norepinephrine; the cortex seeretes aldosterone and 
eortisol as its major seeretory products. Also ealled 
suprarenal gland. 

adrenergie neuron (ad-ré-ner'jik) Nerve fiber that 
seeretes norepinephrine (or epinephrine) as a 
neurotransmitter substance. 
adrenergie reeeptor (ad-ré-ner'jik) Reeeptor 
molecule that binds to adrenergie agents, such as 
epinephrine and norepinephrine. 
adrenoeortieotropie hormone (ACTH) ( à-drè'nò- 
kór'ti-kó-trò'pik) Hormone of the adenohypophysis 
that governs the nutrition and growth of the adrenal 
cortex, stimulates it to fiinetional aetivity, and causes it 
to seerete eortisol. 

adventitia (ad-ven-tish'à) [L., adventieins, eoming 
from abroad, foreign] Outermost eovering of any 
organ or structure that is properly derived from 
outside the organ and does not form an integral part 
of the organ. 

aerobie respiration (àr-ò'bik) Breakdown of glucose 
in the presenee of oxygen to produce earbon dioxide, 
water, and approximately 38 ATPs; includes 
glyeolysis, the eitrie aeid eyele, and the eleetron- 
transport ehain. 

afFerent arteriole (af'er-ent) Braneh of an interlobular 
artery of the kidney that eonveys blood to the 
glomerulus. 

afFerent division Nerve fibers that send impulses from 
the periphery to the eentral nervous system. 
agglutination (à-gloo-ti-nà-shun) [L., ad, to + glaten, 
glue] Proeess by which blood eells, baeteria, or other 
partieles are caused to adhere to one another and 
form clumps. 

agglutinin (à-gloo'ti-nin) Antibody that binds to an 
antigen and causes agglutination. 
agglutinogen (à-gloo-tin'ò-jen) Antigen on surface of 
red blood eells that ean stimulate the production of 
antibodies (agglutinins) that eombine with the 
antigen and cause agglutination. 
agranulocyte (à-gran'u-lò-slt) Nongranular leukocyte 
(monoeyte or lymphoeyte). 
ala; pl. alae (à'là, à'lè) [L., a wing] Wing-shaped 
structure. 

aldosterone (al-dos'ter-òn) Steroid hormone 
produced by the zona glomerulosa of the adrenal 
cortex that faeilitates potassium exchange for sodium 
in the distal renal tubule, causing sodium 
reabsorption and potassium and hydrogen seeretion. 
alkaline (al'kà-lin) Solution eontaining less than 
10" 7 mol of hydrogen ions per liter; has a pH greater 
than 7.0. 

alkalosis (al-kà-lò'sis) Condition eharaeterized by 

blood pH of 7.45 or above. 
allantois (à-lan'tò-is) Tube extending from the 
embryonie hindgut into the umbilical eord; forms the 
urinary bladder. 

allele (à-lèl') [Gr., allelon, reeiproeally] Any one of 
a series of two or more different genes that may 
occupy the same position or locus on a speeifie 
ehromosome. 

all-or-none prineiple When a stimulus is applied to a 
eell, an aetion potential is either produced or not. In 
muscle eells, the eell either eontraets to the maximum 
extent possible (for a given eondition) or does not 
eontraet. 

alternadve pathway Part of the nonspeeifie immune 
system for aetivation of eomplement. 
alveolar duct (al-vè'ò-làr) Part of the respiratory 
passages beyond a respiratory bronehiole; from it arise 
alveolar saes and alveoli. 


alveolar gland Gland in which the seeretory unit has a 
saelike form and an obvious lumen. 
alveolar sae Two or more alveoli that share an opening. 
alveolus; pl. alveoli (al-vè'ò-ltis, al-vè'ò-li) Cavity. 
Examples include the soekets into which teeth fit, the 
endings of the respiratory system, and the terminal 
endings of seeretory glands. 
amino aeid (à-mè'nò) Class of organie aeids that 
constitute the building bloeks for proteins. 
amplitude-modulated signal (am'pli-tood) Signal that 
varies in magnimde or intensity, such as with large 
versus small eoneentrations of hormones. 
ampulla (am-pul'là, am-pul'lè) [L., two-handled 
bottle] Saelike dilatation of a semicircular eanal; 
eontains the erista ampullaris. Wide portion of the 
uterine tube between the infundibulum and the 
isthmus. 

amygdala (a-mig'da-la, -lè) [L. fr. Gr., amygydale, 
almond] Nucleus in the temporal lobe of the brain, 
amygdaloid nucleus; also ealled amydaloid nuclear 
complex. 

amylase (am'il-às) One of a group of stareh-splitting 
enzymes that eleave stareh, glyeogen, and related 
polysaeeharides. 

anabolism (à-nab'ò-lizm) [Gr., anabole, a raising up] 
All of the synthesis reaetions that occur within the 
body; requires energy. 

anaerobie respiration (an-àr-ò'bik) Breakdown of 
glucose in the absenee of oxygen to produce laetie 
aeid and two ATPs; eonsists of glyeolysis and the 
reduction of pyruvic aeid to laetie aeid. 
anal eanal Terminal portion of the digestive traet. 
anal triangle Posterior portion of the perineal region 
through which the anal eanal opens. 
analgesie (an-al-jè'zik) Compound eapable of 
producing analgesia, without producing anesthesia 
or loss of consciousness, eharaeterized by reduced 
response to painful stimuli. 
anaphase (an'à-fàz) Time during eell division when 
ehromatids divide (or, in the ease of first meiosis, when 
the ehromosome pairs divide). 
anastomoses (à-nas'tò-mò'sez) Natural 
communication, direet or indireet, between two 
blood vessels or other tubular structures. An opening 
ereated by surgery, trauma, or disease between two or 
more normally separate spaees or organs. 
anatomieal dead air spaee Volume of the conducting 
airways from the external environment down to the 
terminal bronehioles. 

androstenedione (an-drò-stèn-dì'òn) Androgenie 
steroid of weaker poteney than testosterone; seereted 
by the testis, ovary, and adrenal cortex. 
aneneephaly (an'en-sef'à-lè) [Gr., an + enkephalos, 
no brain] Defeetive development of the brain and 
absenee of the bones of the cranium. Only a 
rudimentary brainstem and a traee of basal ganglia 
are present. 

aneurysm (an'u-rizm) [Gr., eurys, wide] Dilated 
portion of an artery. 

angiotensin I (an-jè-ò-ten'sin) Peptide derived when 
renin aets on angiotensinogen. 
angiotensin II Peptide derived from angiotensin I; 
stimulates vasoeonstrietion and aldosterone 
seeretion; also ealled aetive angiotensin. 
anion (an'i-on) Ion earrying a negative eharge. 
antagonist (an-tag'ò-nist) Muscle that works in 
opposition to another muscle. 
anterior ehamber Chamber of the eye between the 
eornea and the iris. 

anterior interventricular sulcus Groove on the 
anterior surface of the heart, marking the loeation of 
the septum between the two ventrieles. 


anterior pituitary See adenohypophysis. 
antibody (an'tè-bod-è) Protein found in the plasma 
that is responsible for humoral immunity; binds 
speeifieally to antigen. 

antibody-mediated immunity Immunity due to B 
eells and the production of antibodies. 
anticoagulant (an'tè-kò-ag'u-lant) Agent that 
prevents coagulation. 

antidiuretic hormone (ADH) (an'tè-dì-ti-ret'ik) 
Hormone seereted from the neurohypophysis that 
aets on the kidney to reduce the output of urine; also 
ealled vasopressin because it causes vasoeonstrietion. 
antigen (an'ti-jen) [anti(body) + Gr., gen, producing] 
Substance that induces a state of sensitivity or 
resistanee to infeetion or toxic substances after a 
latent period; substance that stimulates the speeifie 
immune system; also ealled epitope. 
antigenie determinant (an-ti-jen'ik) Speeifie part of 
an antigen that stimulates an immune system response 
by binding to reeeptors on the surface of lymphoeytes; 
also ealled epitope. 

antithrombin (an-tè-throm'bin) Substance that 
inhibits or prevents the effeets of thrombin so that 
blood does not coagulate. 

antmrn (an'triim) [Gr., antron, a eave] Cavity of an 
ovarian folliele filled with fluid eontaining estrogen. 
anulus fibrosus (an'u-lus fì-brò'sus) [L., fibrous ring] 
Fibrous material forming the outer portion of an 
intervertebral disk. 

anus (à'nus) Lower opening of the digestive traet 
through which feeal matter is extruded. 
aorta (à-òr'tà) [Gr., aorte from aeiro, to lift up] Large, 
elastie artery that is the main trunk of the systemie 
arterial system; earries blood from the left ventriele of 
the heart and passes through the thorax and 
abdomen. 

aortie areh [L., bow] Curve between the aseending 
and deseending portions of the aorta. 
aortie body One of the smallest bilateral structures, 
similar to the earotid bodies, attaehed to a small 
braneh of the aorta near its areh; eontains 
ehemoreeeptors that respond primarily to deereases in 
blood oxygen; less sensitive to deereases in blood pH 
or inereases in earbon dioxide. 
apex (à'peks) [L., summit or tip] Extremity of a eonieal 
or pyramidal structure. The apex of the heart is the 
rounded tip direeted anteriorly and slightly inferiorly. 
Apgar seore Named for U.S. anesthesiologist Virginia 
Apgar (1909-1974). Evaluation of a newborn infant’s 
physieal status by assigning numerical values to eaeh 
of five eriteria: appearanee (skin eolor), pulse (heart 
rate), grimaee (response to stimulation), aetivity 
(muscle tone), and respiratory effort; a seore of 
10 indieates the best possible eondition. 
apieal eetodermal ridge Layer of surface eetodermal 
eells at the lateral margin of the embryonie limb bud; 
stimulates growth of the limb. 
apieal foramen [L., apermre] Opening at the apex of 
the root of a tooth, gives passage to the nerve and 
blood vessels. 

apoerine gland (ap'ò-krin) [Gr., apo, away from + 
krino, to separate] Gland whose eells contribute 
eytoplasm to its seeretion (e.g., mammary glands). 
Sweat glands that produce organie seeretions 
traditionally are ealled apoerine. These sweat 
glands, however, are actually meroerine glands. 
appendicular skeleton (ap'en-dik'u-làr) Ihe portion 
of the skeleton eonsisting of the upper limbs and the 
lower limbs and their girdles. 
appositional growth (ap-ò-zish'un-al) [L., ap + pono, 
to put or plaee] To plaee one layer of bone, eartilage, 
or other eonneetive tissue against an existing layer. 
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aqueous humor (ak'wé-us, à'kwé-us) Watery, elear 
solution that fills the anterior and posterior ehambers 
of the eye. 

araehnoid (à-rak'noyd) [Gr., araehne, spider, 
cobweb] Ihin, cobweb-appearing meningeal layer 
surrounding the brain; the middle of the three layers. 
arcuate artery (ar'ku-àt) Artery that originates from 
the interlobar arteries of the kidney and forms an 
areh between the cortex and medulla of the kidney. 
areola (à-rè'ó-là, -lé) [L., area] Circular, pigmented 
area surrounding the nipple; its surface is dotted 
with little projeetions caused by the presenee of the 
areolar glands beneath. 

areolar gland (à-rè'ò-làr) Gland forming small, 
rounded projeetions from the surface of the areola of 
the mamma. 

arreetores pilomm; pl. arreetor pili (à-rek-tò'rez pi- 
lòr'um, à-rek'tòr pì'li) [L., that which raises; 
hair] Smooth muscle attaehed to the hair folliele and 
dermis that raises the hair when it eontraets. 
arterial eapillary (ar-tè'rè-àl) Capillary opening from 
an arteriole or a metarteriole. 
arteriole (ar-tèr'è-òl) Minute artery with all three tunics 
that transports blood to a eapillary. 
arterioselerosis (ar-tèr'è-ò-skler-ò'sis) [L., arterio + 

Gr., sklerosis, hardness] Hardening of the arteries. 
arteriovenous anastomosis (ar-tèr'è-ò-vè'nus 
à-nas'tò-mò'sis) Vessel through which blood is 
shunted from an arteriole to a venule without passing 
through the eapillaries. 

artery (ar'ter-è) Blood vessel that earries blood away 
from the heart. 

articular eartilage (ar-tik'u-làr kar'ti-lij) Hyaline 
eartilage eovering the ends of bones within a synovial 
joint. 

articulation (ar-tik-u-là'shun) Plaee where two bones 
eome together; also ealled joint. 
arytenoid eartilages (ar-i-tè'noyd) Small, pyramidal 
laryngeal eartilages that articulate with the erieoid 
eartilage. 

aseending aorta Part of the aorta from which the 
eoronary arteries arise. 

aseending eolon (kò'lon) Portion of the eolon 
between the small intestine and the right eolie flexure. 
asthma (az'mà) Condition of the lungs in which 
widespread narrowing of airways occurs, caused by 
eontraetion of smooth muscle, edema of the 
mucosa, and mucus in the lumen of the bronehi 
and bronehioles. 

astroeyte (as'trò-slt) [Gr., astron, star + kytos, a 
hollow, a eell] Star-shaped neuroglia eell involved 
with forming the blood—brain barrier. 
atheroselerosis (ath'er-ò-skler-ò'sis) Arterioselerosis 
eharaeterized by irregularly distributed lipid deposits 
in the intima of large and medium-sized arteries. 
atomie number (à-tom'ik) Number of protons in 
eaeh type of atom. 

atrial diastole (à'trè-àl dl-as'tò-lè) Dilation of the 
hearts atria. 

atrial natriuretic hormone (ANH) (à'trè-àl nà' 
trè-u-ret'ik) Peptide released from the atria when 
atrial blood pressure is inereased; lowers blood 
pressure by inereasing the rate of urinary production, 
thus reducing blood volume. 
atrial systole (à'trè-àl sis'tò-lè) Contraction of the 
atria. 

atrioventricular (AV) bundle (à'trè-ò-ven-trik'u-lar) 
Bundle of modified eardiae muscle fibers that projeets 
from the AV node through the interventricular 
septum. 

atrioventricular (AV) node Small node of speeialized 
eardiae muscle fibers that gives rise to the 


atrioventricular bundle of the conduction system of 
the heart. 

atrioventricular valve One of two valves elosing the 
openings between the atria and ventrieles. 
atrium; pl. atria (à'trè-um, à'trè-à) [L., entranee hall] 
One of two ehambers of the heart into which veins 
earry blood. 

auditory cortex (aw'di-tòr-è kòr'teks) Portion of the 
eerebral cortex that is responsible for the conscious 
sensation of sound; in the dorsal portion of the 
temporal lobe within the lateral fissure and on the 
superolateral surface of the temporal lobe. 
auditory ossiele (os'i-kl) Bone of the middle ear; 

includes the malleus, incus, and stapes. 
auricle (aw'ri-kl) [L., auris, ear] Part of the external 
ear that protmdes from the side of the head; also 
ealled pinna. Small pouch projeeting from the 
superior, anterior portion of eaeh atrium of the heart. 
auscultatory (aws-kultà-tò-rè) Relating to 
auscultation, listening to the sounds made by the 
various body structures as a diagnostie method. 
autoimmune disease (aw-tò-i-mun'di-zèz') Disease 
resulting from a speeifie immune system reaetion 
against self-antigens. 

autonomic ganglia (aw-tò-nom'ik gang'glè-à) 

Ganglia eontaining the nerve eell bodies of the 
autoimmune division of the nervous system. 
autonomic nervous system (ANS) Nervous system 
eomposed of nerve fibers that send impulses from the 
eentral nervous system to smooth muscle, eardiae 
muscle, and glands. 

autophagia (aw-tò-fà'jè-à) [Gr., auto, self + phagein, 
to eat] Segregation and disposal of organelles within 

a eell. 

autoregulation (aw'tò-reg-u-là'shun) Maintenanee of 
a relatively eonstant blood flow through a tissue 
despite relatively large ehanges in blood pressure; 
maintenanee of a relatively eonstant glomerular 
filtration rate despite relatively large ehanges in blood 
pressure. 

autorhythmic Spontaneous and periodie—for 
example, in smooth muscle, spontaneous (without 
nervous or hormonal stimulation) and periodie 
eontraetions. 

autosome (aw'tò-sòm) [Gr., auto, self + soma, body] 
Any ehromosome other than a sex ehromosome; 
normally exist in pairs in somatie eells and singly in 
gametes. 

axial skeleton (ak'sè-àl) Skull, vertebral column, and 
rib eage. 

axillary (ak'sil-àr-è) Relating to the axilla; the spaee 
below the shoulder joint, bounded by the peetoralis 
major anteriorly, the latissimus dorsi posteriorly, 
the serratus anterior medially, and the humerus 
laterally. 

axolemma (ak'sò-lem'à) [Gr., axo + lemma, 
husk] Plasma membrane of the axon. 
axon (ak'son) [Gr., axis] Main eentral proeess of a 
neuron that normally conducts aetion potentials 
away from the neuron eell body. 
axon hilloek Area of origin of the axon from the nerve 
eell body. 

axoplasm (ak'sò-plazm) Neuroplasm or eytoplasm of 
the axon. 

B 

baroreeeptor (bar'ò-rè-sep'ter, bar'ò-rè-sep'tòr) 
Sensory nerve ending in the walls of the atria of the 
heart, venae eavae, aortie areh, and earotid sinuses; 
sensitive to stretehing of the wall caused by inereased 
blood pressure; also ealled pressoreeeptor. 


baroreeeptor reflex Deteets ehanges in blood pressure 
and produces ehanges in heart rate, heart foree of 
eontraetion, and blood vessel diameter that return 
blood pressure to homeostatie levels. 
basal ganglia (bà'sàl gang'glè-à) Nuclei at the base of 
the cerebrum involved in eontrolling motor 
fimetions. 

base (bàs) Molecule that is a proton aeeeptor; any 
substance that binds to hydrogen ions. Lower part 
or bottom of a structure; the base of the heart is the 
flat portion direeted posteriorly and superiorly; 
veins and arteries projeet into and out of the base, 
respeetively. 

basement membrane (bàs'ment mem'bràn) 

Speeialized extracellular material loeated at the base 
of epithelial eells and separating them from the 
underlying eonneetive tissues. 
basilar membrane (bas'i-làr mem'bràn) Wall of the 
membranous labyrinth bordering the seala tympani; 
supports the organ of Corti. 
basophil (bà'sò-fil) [Gr., basis, baso + phileo, to 
love] White blood eell with granules that stain 
speeifieally with basie dyes; promotes inflammation. 

B eell Type of lymphoeyte responsible for antibody- 
mediated immunity. 

belly (bel'è) Largest portion of muscle between the 
origin and insertion. 

beta-oxidation (bà'tà ok-si-da shun) Metabolism of 
fatty aeids by removing a series of two-carbon units to 
form acetyl-CoA. 

biearbonate ion (bl-kar'bon-àt) Anion (HC 03 _ ) 
remaining after the dissoeiation of earbonie aeid. 
bicuspid valve (bl-kus'pid) Valve elosing the orifiee 
between left atrium and left ventriele of the heart; 
also ealled mitral valve. 

bile (bll) Fluid seereted from the liver into the 
duodenum; eonsists of bile salts, bile pigments, 
biearbonate ions, eholesterol, fats, fat-soluble 
hormones, and leeithin. 

bile canaliculus (bll kan'à-lik'u-lus) One of the 
intercellular ehannels approximately 1 p,m or less in 
diameter that occurs between liver eells into which 
bile is seereted; empties into the hepatie ducts. 
bile salt Organie salt seereted by the liver that 
fiinetions as an emulsifying agent. 
bilimbin (bil-i-roo'bin) [L., bili + ruber, red] Bile 
pigment derived from hemoglobin during the 
destruction of red blood eells. 
biliverdin (bil-i-ver'din) Green bile pigment formed 
from the oxidation of bilimbin. 
binocular vision (bin-ok'u-làr) [L., bini, paired + 
oculus, eye] Vision using two eyes at the same time; 
responsible for depth pereeption when the visual 
fields of the eyes overlap. 
bipolar neuron (bì-pò'ler) One of the three 
eategories of neurons eonsisting of a neuron with 
two proeesses—one dendrite and one axon—arising 
from opposite poles of the eell body. 
blastoeele (blas'tò-sèl) [Gr., blastos, germ + koilos, 
hollow] Cavity in the blastoeyst. 
blastoeyst (blas'tò-sist) [Gr., blastos, germ + kystis, 
bladder] Stage of mammalian embryos that eonsists of 
the inner eell mass and a thin trophoblast layer 
enelosing the blastoeele. 

bleaehing In response to light, retinal separates from 
opsin. 

blind spot (bllnd) Point in the retina where the optie 
nerve penetrates the fibrous tunic; eontains no rods 
or eones and therefore does not respond to light. 
blood elot Coagulated phase of blood. 
blood eolloid osmotie pressure Osmotie pressure due 
to the eoneentration differenee of proteins aeross a 
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membrane that does not allow passage of the 
proteins. 

blood groups Classification of blood based on the 
type of antigen found on the surface of red blood 
eells. 

blood island Aggregation of mesodermal eells in the 
embryonie yolk sae that forms vascular endothelium 
and primitive blood eells. 

blood pressure (BP) [L .,pressus, to press] Tension of 
the blood within the blood vessels; eommonly 
expressed in units of millimeters of mercury (mm Hg). 

blood-brain barrier Permeability barrier eontrolling 
the passage of most large-molecular compounds 
from the blood to the eerebrospinal fluid and brain 
tissue; eonsists of eapillary endothelium and may 
include the astroeytes. 

blood-thymie barrier Layer of reticular eells that 
separates eapillaries from thymie tissue in the cortex 
of the thymus gland; prevents large molecules from 
leaving the blood and entering the cortex. 

Bohr effeet Named for Danish physiologist Christian 
Bohr (1855—1911). Shift of the oxygen—hemoglobin 
dissoeiation curve to the right or left because of 
ehanges in blood pH. The definition sometimes is 
extended to include shifts caused by ehanges in blood 
earbon dioxide levels. 

bony labyrinth (lab'i-rinth) Part of the inner ear; 
eontains the membranous labyrinth that forms the 
eoehlea, vestibule, and semicircular eanals. 

Boyle’s law Ihe pressure of a gas is equal to the 
volume of a eontainer times the eonstant, K, for a 
given temperature. Assuming a eonstant temperature, 
the pressure of a gas is inversely proportional to its 
volume. 

braehial (brà'kè-àl) [L., brachium, arm] Relating to 
the arm. 

branehial areh Typieally, six arehes in vertebrates; in the 
lower vertebrates, they bear gills, but they appear 
transiently in the higher vertebrates and give rise to 
structures in the head and neek. 

broad ligament Peritoneal fold passing from the 
lateral margin of the uterus to the wall of the pelvis 
on eaeh side. 

bronehiole (brong'ké-òl) One of the finer 
subdivisions of the bronehial tubes, less than 
1 mm in diameter; has no eartilage in its wall but 
does have relatively more smooth muscle and elastie 
fibers. 

brush border Epithelial surface eonsisting of 
mierovilli. 

buffer (buf'er) Mixture of an aeid and a base that 
reduces any ehanges in pH that would otherwise 
occur in a solution when aeid or base is added to 
the solution. 

bulb of the penis Expanded posterior part of the 
corpus spongiosum of the penis. 

bulb of the vestibule Mass of ereetile tissue on eaeh 
side of the vagina. 

bulbar conjunctiva (biTbar kon-junk-tTvà) 
Conjunctiva that eovers the surface of the eyeball. 

bulbourethral gland (buPbò-u-rèThràl) One of two 
small compound glands that produce a mucoid 
seeretion; it diseharges through a small duct into the 
spongy urethra. 

bulbus eordis (biiPbtís) [L., plant bulb] End of the 
embryonie eardiae tube where blood leaves the heart; 
beeomes part of the ventriele. 

bursa; pl. bursae (ber'sà, ber'sè) [L., purse] Closed 
sae or poeket eontaining synovial fluid, usually found 
in areas where frietion occurs. 

bursitis (ber-si'tis) [L purse + Gr., ites, 
inflammation] Inflammation of a bursa. 


C 

ealeaneal tendon (kal-kà'nè-al) Common tendon of 
the gastrocnemius, soleus, and plantaris muscle that 
attaehes to the calcaneus; also ealled Aehilles tendon. 
ealeitonin (kal-si-tò'nin) Hormone released from 
parafollicular eells that aets on tissues to cause a deerease 
in blood levels of calcium ions. 
calmodulin (kal-mod'u-lin) \calcium + modulate\ 
Protein reeeptor for Ca 2+ that plays a role in many 
Ca 2+ -regulated proeesses, such as smooth muscle 
eontraetion. 

ealorie (eal) (kal'ó-rè) [L., ealor, heat] LJnitofheat 
eontent or energy. Ihe quantity of energy required to 
raise the temperature of 1 g of water 1°C. 
ealpain (kal'pàn) Enzyme involved in ehanging the 
shape of dendrites; involved with long-term memory. 
calyx; pl. ealyees (kà'liks, kal'i-sèz) [Gr., cup of a 
flower] Llower-shaped or flinnel-shaped structure; 
speeifieally, one of the branehes or reeesses of a renal 
pelvis into which the tips of the renal pyramids projeet. 
cancellous bone (kan'sè-lus) [L., grating or 
lattiee] Bone with a lattieelike appearanee; also ealled 
spongy bone. 

eaneer (kan'ser) Any of various types of malignant 
neoplasms, most of which invade surrounding tissues, 
may metastasize to several sites, and are likely to recur 
after attempted removal and to cause death of the 
patient unless adequately treated. 
eanine (kà'nln) Referring to the cuspid tooth. 
cannula (kan'u-là) [L., eanna, reed] Tube; often 
inserted into an artery or a vein. 
eapaeitation (kà-pas'i-tà'shun) [L., capax, eapable 
of] Proeess whereby spermatozoa acquire the ability 
to fertilize ova; occurs in the female genital traet. 
capitulum (kà-pit'u-lum) [L., caput, head] Head- 
shaped structure. 

earbaminohemoglobin (kar-bam'i-nò-hè-mò- 
glò'bin) Carbon dioxide bound to hemoglobin by 
means of a reaetive amino group on the hemoglobin. 
earbohydrate (kar-bò-hì'dràt) Monosaeeharide 
(simple sugar) or the organie molecules eomposed of 
monosaeeharides bound together by ehemieal 
bonds—for example, glyeogen. Lor eaeh earbon atom 
in the molecule, there are typieally one oxygen 
molecule and two hydrogen molecules. 
earbonie aeid/biearbonate buffer system One of the 
major buffer systems in the body; major eomponents 
are earbonie aeid and biearbonate ions. 
earbonie anhydrase Enzyme that eatalyzes the 
reaetion between earbon dioxide and water to form 
earbonie aeid. 

eareinoma (kar-si-nò'mà) Malignant neoplasm 
derived from epithelial tissue. 
eardiae [Gr., kardia, heart] Related to the heart. 
eardiae eyele [Gr., kyklos, eirele] Complete round of 
eardiae systole and diastole. 
eardiae nerve Nerve that extends from the 
sympathetie ehain ganglia to the heart. 
eardiae output (CO) Volume of blood pumped by the 
heart per minute; also ealled minute volume. 
eardiae part Region of the stomaeh near the opening 
of the esophagus. 

eardiae reserve [L., re + servo, to keep baek, 
reserve] Work that the heart is able to perform 
beyond that required during ordinary circumstances 
of daily life. 

earotid body (ka-rot'id) One of the small organs near 
the earotid sinuses; eontains ehemoreeeptors that 
respond primarily to deereases in blood oxygen; less 
sensitive to deereases in blood pH or inereases in 
earbon dioxide. 


earotid sinus Enlargement of the internal earotid 
artery near the point where the internal earotid artery 
branehes from the eommon earotid artery; eontains 
baroreeeptors. 

earpal (kar'pàl) [Gr., karpos, wrist] Bone of the wrist. 
earrier Person in apparent health whose ehromosomes 
eontain a pathologie mutant gene, which may be 
transmitted to his or her ehildren. 
eartilage (kar'ti-lij) [L., eartilage, gristle] Lirm, smooth, 
resilient, nonvascular eonneetive tissue. 
cartilaginous joint (kar-ti-laj' i-nus) Bones eonneeted 
by eartilage; includes synehondroses and symphyses. 
eatabolism (kà-tab'ò-lizm) [Gr., katabole, a easting 
down] All of the deeomposition reaetions that occur 
in the body; releases energy. 

eatalyst (kat'à-list) Substance that inereases the rate at 
which a ehemieal reaetion proeeeds without being 
ehanged permanently. 

eataraet (kat'a-rakt) Complete or partial opaeity of 
the lens of the eye. 

eations (kat'l-on) [Gr., kation, going down] Ions 
earrying a positive eharge. 

eaveola; pl. eaveolae (kav-è-ò'là, kav-è-ò'lè) [L., small 
poeket] Shallow invagination in the membranes of 
smooth muscle eells that may perform a flmetion 
similar to that of both the T tubules and sareoplasmie 
reticulum of skeletal muscle. 
cecum (sè'kiim, sè'kà) [L., caecus, blind] Cul-de-sac 
forming the first part of the large intestine. 
eell-mediated immunity Irmrmnity due to the aetions 
ofT eells and null eells. 

eelom (sè'lom, sè-lò'mà) [Gr., koilo + amma, a 
hollow] Prineipal eavities of the trunk—for example, 
the perieardial, pleural, and peritoneal eavities. 
Separate in the adult, they are continuous in the 
embryo. 

cementum (se-men'tum) [L., caementum, rough 
quarry stone] Layer of modified bone eovering the 
dentin of the root and neek of a tooth; blends with 
the fibers of the periodontal membrane. 
eentral nervous system (CNS) Major subdivision of 
the nervous system, eonsisting of the brain and 
spinal eord. 

eentral vein Terminal branehes of the hepatie veins 
that lie eentrally in the hepatie lobules and reeeive 
blood from the liver sinusoids. 
eentrosome (sen'trò-sòm) Speeialized zone of 
eytoplasm elose to the nucleus and eontaining two 
eentrioles. 

cerebellum (ser-e-bel'um) [L., little brain] Separate 
portion of the brain attaehed to the brainstem at the 
pons; important in maintaining muscle tone, balanee, 
and eoordination of movement. 
eerebrospinal fluid (CSF) (ser'é-brò-spì-nàl) Ehiid 
filling the ventrieles and surrounding the brain and 
spinal eord. 

ceruminous glands (sé-roo'mi-nus) Modified 
sebaceous glands in the external acoustic meatus that 
produce cerumen (earwax). 
eervieal eanal (ser'ví-kal) Canal extending from the 
isthmus of the uterus to the opening of the uterus 
into the vagina. 

cervix; pl. eerviees (ser'viks, ser-vl'sèz) [L., neek] 

Lower part of the uterus extending from the isthmus 
of the uterus into the vagina. 
ehalazion (ka-là'zè-on) Chronic inflammation of a 
meibomian gland; also ealled meibomian eyst. 
eheek (ehèk) Side of the faee forming the lateral wall 
of the mouth. 

ehemieal signal Molecule that binds to a 
macromolecule, such as reeeptors or enzymes, and 
alters their flmetion; also ealled ligand. 
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ehemoreeeptor (kè'mó-rè-sep'tor) Sensory eell that is 
stimulated by a ehange in the eoneentration of 
ehemieals to produce aetion potentials. Examples 
include taste reeeptors, olfaetory reeeptors, and 
earotid bodies. 

ehemoreeeptor reflex Chemoreceptors deteet a 
deerease in blood oxygen, an inerease in earbon 
dioxide, or a deerease in pH and produce an 
inereased rate and depth of respiration and, by means 
of the vasomotor eenter, vasoeonstrietion. 
ehemosensitive area (kem-ó-sen'si-tiv, kè-mó-sen' 
si-tiv) ehemosensitive neurons in the medulla 
oblongata deteet ehanges in blood, earbon dioxide, 
and pH. 

ehemotaetie faetor (kè-mó-tak'tik) Part of a 
mieroorganism or ehemieal released by tissues and 
eells that aet as ehemieal signals to attraet leukocytes. 
chemotaxis (kè-mo-tak'sis) [Gr., ehemo + taxis, orderly 
arrangement] Attraetion of living protoplasm (eells) 
to ehemieal stimuli. 

ehief eell Cell of the parathyroid gland that seeretes 
parathyroid hormone. Cell of a gastrie gland that 
seeretes pepsinogen. 

ehloride (klór'id) Compound eontaining ehlorine— 
for example, salts of hydroehlorie aeid. 
ehloride shift Diffusion of ehloride ions into red 
blood eells as biearbonate ions difhise out; maintains 
eleetrieal neutrality inside and outside the red blood 
eells. 

ehoana; pl. ehoanae (kó'an-à, kò-à'nè) See internal 
naris. 

eholeeystokinin (kò'lè-sis-tó-ki'nin) Hormone 
liberated by the upper intestinal mucosa on eontaet 
with gastrie eontents; stimulates the eontraetion of the 
gallbladder and the seeretion of panereatie juice high 
in digestive enzymes. 

eholinergie neuron (kol-in-er'jik) Nerve fiber that 
seeretes aeetyleholine as a neurotransmitter substance. 
ehondroblast (kon'dró-blast) [Gr., ehondros, gristle, 
eartilage + blastos, germ] Cartilage-producing eell. 
ehondroeyte (kon'drò-sìt) [Gr., ehondros, gristle, 
eartilage + kytos, a eell] Mature eartilage eell. 
ehorda tympani; pl. ehordae (kòr'dà tim'pan-è, 
kòr'dè) Braneh of the faeial nerve that eonveys taste 
sensation from the front two-thirds of the tongue. 
ehordae tendineae (kòr'dà ten'di-nè-è) [L., eord] 
Tendinous strands mnning from the papillary 
muscles to the atrioventricular valves. 
ehoroid (ko'royd) Portion of the vascular tunic 
assoeiated with the selera of the eye. 
ehoroid plexus [Gr., ehorioeides, membrane- 
like] Speeialized plexus loeated within the ventrieles 
of the brain that seeretes eerebrospinal fluid. 
ehromatid (krò'mà-tid) One-half of a ehromosome; 

separates from its partner during eell division. 
ehromatin (krò'ma-tin) Colored material; the genetie 
material in the nucleus. 

ehromosome (krò'mò-sòm) Colored body in the 
nucleus, eomposed of DNA and proteins and 
eontaining the primary genetie information of the 
eell; 23 pairs in humans. 
ehronie pain Prolonged pain. 
ehylomieron (ki-lò-mì'kron) [Gr., ehylos, juice + 
mieros, small] Mieroseopie partiele of lipid surrounded 
by protein; in ehyle and blood. 
ehymotrypsin (ki-mò-trip'sin) Proteolytie enzyme 
formed in the small intestine from the panereatie 
precursor ehymotrypsinogen. 
eiliarybody (sil'è-ar-è) Structure continuous with 
the ehoroid layer at its anterior margin that 
eontains smooth muscle eells; fimetions in 
aeeommodation. 


eiliary gland Modified sweat gland that opens into the 
folliele of an eyelash, keeping it lubricated. 
eiliary muscle Smooth muscle in the eiliary body of 
the eye. 

eiliary proeess Portion of the eiliary body of the eye 
that attaehes by suspensory ligaments to the lens. 
eiliary ring Portion of the eiliary body of the eye that 
eontains smooth muscle eells. 
circumduction (ser-kum-duk'shun) [L., around + 
ductus, to draw] Movement in a circular motion. 
circumferential lamellae (ser-kum-fer-en'shè- al 
là-mel'è) Lamellae eovering the surface of and 
extending around eompaet bone inside the 
periosteum. 

circumvallate papilla (ser-kum-val'àt pà-pil'à) Type 
of papilla on the surface of the tongue surrounded by 
a groove. 

eisterna; pl. eisternae (sis-ter'nà, sis-ter'nè) Interior 
spaee of the endoplasmie reticulum. 
eisternaehyli (kll'è) [L., tank + Gr., ehylos, 
juice] Enlarged inferior end of the thoraeie duct that 
reeeives ehyle from the intestine. 
eitrie aeid eyele (sit'rik) Series of ehemieal reaetions 
in which eitrie aeid is eonverted into oxaloacetic 
aeid, earbon dioxide is formed, and energy is 
released. Ihe oxaloacetic aeid ean eombine with 
acetyl-CoA to form eitrie aeid and restart the eyele. 
Ihe energy released is used to form NADH, 

LADH, and ATP. 

elassieal pathway Part of the speeifie immune system 
for aetivation of eomplement. 
elaviele (klav'i-kl) Ihe eollarbone, between the 
sternum and scapula. 

eleavage furrow (klèv'ij) Imvard pinehing of the 
plasma membrane that divides a eell into two halves, 
which separate from eaeh other to form two new 
eells. 

eleft palate (kleft) Lailure of the embryonie palate 
to fiise along the midline, resulting in an opening 
through the roof of the mouth. 
elinieal age (klin'i-kl) Age of the developing fetus 
from the time of the mother’s last menstrual period 
before pregnaney. 

elinieal perineum (klin'i-kl per'i-nè'um) Portion of 
the perineum between the vaginal and anal openings. 
elitoris (klit'ò-ris) Small, eylindrieal, ereetile body, 
rarely exceeding 2 em in length, situated at the most 
anterior portion of the vulva and projeeting beneath 
the prepuce. 

eloaea (klò-à'kà) [L., sewer] In early embryos, the 
endodermally lined ehamber into which the hindgut 
and allantois empty. 

eloning (klòn'ing) Growing a eolony of genetieally 
identieal eells or organisms. 
elot retraetion Condensation of a elot into a denser, 
eompaet structure; caused by the elastie nature of 
fibrin. 

coagulation (kò-ag-u-là'shun) Proeess of ehanging 
from liquid to solid, espeeially of blood; formation of 
a blood elot. 

eoehlear duct (kok'lè-àr) Interior of the membranous 
labyrinth of the eoehlea; also ealled eoehlear eanal or 
seala media. 

eoehlear nerve Nerve that earries sensory impulses 
from the organ of Corti to the vestibulocochlear 
nerve. 

eoehlear nucleus Neurons from the eoehlear nerve 
synapse within the dorsal or ventral eoehlear nucleus 
in the superior medulla oblongata. 
eodon (kò'don) Sequence of three nucleotides in 
mRNA or DNA that eodes for a speeifie amino aeid 
in a protein. 


eofaetor (kò'fak'ter, kò-fak'tòr) Nonprotein 
eomponent of an enzyme, such as eoenzymes and 
inorganie ions essential for enzyme aetion. 
eollagen fibers (kol'là-jen) [Gr., koila, glue + gen, 
producing] Ropelike protein of the extracellular 
matrix. 

eollateral ganglia (ko-lat'er-àl gang'glè-à) 
Sympathetie ganglia at the origin of large abdominal 
arteries; include the eeliae, superior, and inferior 
mesenterie arteries; also ealled prevertebral ganglia. 
eolleeting duct Straight tubule that extends from the 
cortex of the kidney to the tip of the renal pyramid. 
Liltrate from the distal convoluted tubes enters the 
eolleeting duct and is earried to the ealyees. 
eolloid (kol'oyd) [Gr., kolla, glue + eidos, 
appearanee] Atoms or molecules dispersed in a 
gaseous, liquid, or solid medium that resist separation 
from the liquid, gas, or solid. 
eolloidal sohition (ko-loyd'àl) Fine partieles 
suspended in a liquid; resistant to sedimentation or 
filtration. 

eolon (kò'lon) Division of the large intestine that 
extends from the cecum to the rectum. 
eolostmm (kò-los'trum) Ihin, white fluid; the first 
milk seereted by the breast at the termination of 
pregnaney; eontains less fat and laetose than the milk 
seereted later. 

columnar Shaped like a column. 
commissure (kom'i-shiir) [L., eommissara, a joining 
together] Connection of nerve fibers between the 
eerebral hemispheres or from one side of the spinal 
eord to the other. 

eommon bile duct Duct formed by the union of the 
eommon hepatie and eystie ducts; it empties into the 
small intestine. 

eommon hepatie duct Part of the biliary duct system 
formed by the joining of the right and left hepatie 
ducts. 

eompaet bone Bone that is denser and has fewer 
spaees than cancellous bone. 
eompetition Similar molecules binding to the same 
earrier molecule or reeeptor site. 
eomplement (kom'plé-ment) Group of serum 
proteins that stimulates phagoeytosis and 
inflammation. 

eomplement easeade Series of reaetions in which eaeh 
eomponent aetivates the next eomponent, resulting 
in aetivation of eomplement proteins. 
eomplianee (kom-plì'ans) Change in volume (e.g., in 
lungs or blood vessels) caused by a given ehange in 
pressure. 

compound (kom'pownd) Substance eomposed of 
two or more different types of atoms that are 
ehemieally eombined. 

eoneha; pl. eonehae (kon'kà, kon'kè) [L., shell] 
Structure eomparable to a shell in shape—for 
example, the three bony ridges on the lateral wall of 
the nasal eavity. 

conduction (kon-duk'shun) [L., eon + ductus, to lead, 
conduct] Transfer of energy, such as heat, from one 
point to another without evident movement in the 
conducting body. 

eone (kòn) Photoreeeptor in the retina of the eye; 

responsible for eolor vision. 
eongenital (kon-jen'i-tàl) [L., congenitus, born 
with] Occurring at birth; may be genetie or due to 
some influence (e.g., drugs) during development. 
conjunctiva (kon-junk-tì'và) [L., conjungo, to bind 
together] Mucous membrane eovering the anterior 
surface of the eyeball and lining the lids. 
conjunctival fornix (kon-junk-tl'vàl fòr'niks) Area in 
which the palpebral and bulbar conjunctiva meet. 
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eonstant region Portion of an antibody that does not 
eombine with an antigen and is the same in different 
antibodies. 

continuous eapillary [L., eapillaris, relating to hair] 
Capillary in which pores are absent; is less permeable 
to large molecules than are other types of eapillaries. 
eontraetion phase (kon-trak'shun) One of the three 
P h ases of muscle eontraetion; the time during which 
tension is produced by the eontraetion of muscle. 
eonveetion (kon-vek'shun) [L., eon + veetns, to earry 
or bring together] Transfer of heat in liquids or gases 
by movement of the heated partieles. 
eoraeoid (kór'à-koyd) [Gr., korakodes, crow’s 
beak] Resembling a crow’s beak—for example, a 
proeess on the scapula. 

Cori eyele Named for Czech-U.S. bioehemist and 
Nobel laureate Carl F. Cori (1896-1984). Laetie 
aeid, produced by skeletal muscle, is earried in the 
blood to the liver, where it is aerobieally eonverted 
into glucose. Ihe glucose may return through the 
blood to skeletal muscle or may be stored as 
glyeogen in the liver. 

eornea (kór'nè-à) Transparent portion of the fibrous 
tunic that makes up the outer wall of the anterior 
portion of the eye. 

corniculate eartilage (kór-nikTi-làt) Conical nodule 
of elastie eartilage surmounting the apex of eaeh 
arytenoid eartilage. 

eorona radiata Single layer of columnar eells derived 
from the cumulus mass, which anehor on the zona 
pellucida of the ooeyte in a seeondary folliele. 
eoronary (kòr'o-nàr-é) [L., eoronariiis, a 
crown] Resembling a crown; eneireling. 
eoronary artery One of two arteries that arise from 
the base of the aorta and earry blood to the muscle of 
the heart. 

eoronary ligament Peritoneal refleetion from the liver 
to the diaphragm at the margins of the bare area of 
the liver. 

eoronary sinus Short trunk that reeeives most of the 
veins of the heart and empties into the right atrium. 
eoronoid (kór'ò-noyd) [Gr., korone, a crow] Shaped 
like a crow’s beak—for example, a proeess on the 
mandible. 

corpus; pl. eorpora (kòr'pfis, -pòr-à) [L., body\ Any 
body or mass; the main part of an organ. 
corpus albieans (al'bi-kanz) Atrophied corpus 
luteum, leaving a eonneetive tissue sear in the ovary. 
corpus callosum (kàl-ló'sfim) [L., body + callous\ 
Largest commissure of the brain, eonneeting the 
eerebral hemispheres. 

corpus cavernosum; pl. eorpora eavernosa One of 

two parallel columns of ereetile tissue forming the 
dorsal part of the body of the penis or the body of the 
elitoris. 

corpus luteum (lu'té-um) Yellow endoerine body 
formed in the ovary in the site of a ruptured vesicular 
folliele immediately after ovulation; seeretes 
progesterone and estrogen. 

corpus luteum of pregnaney Large corpus luteum in 
the ovary of a pregnant female; seeretes large amounts 
of progesterone and estrogen. 
corpus spongiosum (spun'jè-ò'sum) Median column 
of ereetile tissue loeated between and ventral to the 
two eorpora eavernosa in the penis; posteriorly it 
forms the bulb of the penis, and anteriorly it 
terminates as the glans penis; it is traversed by the 
urethra. In the female, it forms the bulb of the 
vestibule. 

corpus striatum (stri-a tum) [L., eorpns, body + striatns, 
striated or furrowed] Caudate nucleus, putamen, and 
globus pallidus; so-named because of the striations 


caused by intermixing of gray and white matter, 
which result from the number of traets erossing the 
anterior portion of the corpus striatum. 
cortex; pl. eortiees (kòr'teks, kòr'ti-sèz) [L., bark] 
Outer portion of an organ (e.g., adrenal cortex or 
cortex of the kidney). 

eortieotropin-releasing hormone (kòr'ti-kò-trò'pin) 
Hormone from the hypothalamus that stimulates the 
anterior pituitary gland to release adrenoeortieotropie 
hormone. 

eortisol (kòr'ti-sol) Steroid hormone released by the 
zona fasciculata of the adrenal cortex; inereases blood 
glucose and inhibits inflammation. 
eovalentbond (kò-vàl'ent) Chemical bond 
eharaeterized by the sharing of eleetrons. 
coxal bone (kok'sà) Hipbone. 

eranial nerve (krà'nè-àl) Nerve that originates from a 
nucleus within the brain; there are 12 pairs of eranial 
nerves. 

eranial vault Eight skull bones that surround and 
proteet the brain; brainease. 
eraniosaeral division (krà'nè-ò-sà'kràl) 
Parasympathetie division of the autonomic nervous 
system. 

cranium (krà'nè-um) [Gr., kranion, skull] Skull; in a 
more limited sense, the brainease. 
eremaster muscle (krè-mas'ter) Extension of 
abdominal muscles originating from the internal 
oblique muscles; in the male, raises the testieles; in 
the female, envelops the round ligament of the 
uterus. 

erenation (krè-nà'shun) [L., erena, notehed] Denoting 
the outline of a shmnken eell. 
erieoid eartilage (krì'koyd) Most inferior laryngeal 
eartilage. 

erieothyrotomy (krì'kò-thi-rot'ò-mè) ineision 
through the skin and erieothyroid membrane for 
relief of respiratory obstmetion. 
erista, eristae (kris'tà, kris'tè) [L., erest] Shelflike 
infolding of the inner membrane of a mitoehondrion. 
erista ampullaris (kris'tà am-pul'àr-ís) [L., erest] 
Elevation on the inner surface of the ampulla of eaeh 
semicircular duct for dynamie or kinetie equilibrium. 
eritieal elosing pressure Pressure in a blood vessel 
below which the vessel eollapses, occluding the lumen 
and preventing blood flow. 
crown Part of a tooth that is eovered with enamel. 
emeiate (kroo'shè-àt) [L., cruciatus, eross] 

Resembling or shaped like a eross. 
crus of the penis (krus) Posterior portion of the 
corpus cavernosum of the penis attaehed to the 
ischiopubic ramus. 

erypt (kript) Pitlike depression or tubular reeess. 
eryptorehidism (krip-tòr'ki-dizm) Failure of the testis 
to deseend. 

erystalline (kris'tà-lèn) Protein that fills the epithelial 
eells of the lens in the eye. 
cuboidal Resembling a cube. 

cumulus oophoms (ò-of'òr-us) [L., a heap] Mass of 
epithelial eells surrounding the ooeyte; also ealled 
cumulus mass. 

cuneiform eartilage (ku'nè-i-fòrm) Small rod of 
elastie eartilage above eaeh corniculate eartilage in the 
larynx. 

cupula; pl. cupulae (koo'poo-là, ku'pu-là, 
koo'poo-lè) [L., cupa, tub] Gelatinous mass that 
overlies the hair eells of the eristae ampullares of the 
semicircular ducts. 

cuticle (ku'ti-kl) [L., cutis, skin] Outer, thin layer, 
usually horny—for example, the outer eovering of 
hair or the growth of the stratum corneum onto 
the nail. 


eystie duct (sis'tik) Duct leading from the 
gallbladder; joins the eommon hepatie duct to form 
the eommon bile duct. 

eytokine (sì'tò-kín) Protein or peptide seereted by a 
eell that regulates the aetivity of neighboring eells. 
eytokinesis (si'tò-ki-nè'sis) [Gr., eyto, eell + kinsis, 
movement] Division of the eytoplasm during eell 
division. 

eytology (sl-tol'ò-jè) [Gr., kytos, a hollow (eell) + 
logos, study] Study of anatomy, physiology, 
pathology, and ehemistry of the eell. 
eytoplasm (sì'tò-plazm) Protoplasm of the eell 
surrounding the nucleus. 

eytoplasmie inclusion (sì-tò-plaz'mik) Anyforeign 
or other substance eontained in the eytoplasm of 

a eell. 

cytotoxic reaetion (sì'tò-tok'sik) [Gr., eyto, eell + L., 
toxic, poison] Antibodies (IgG or IgM) eombine 
with eells and aetivate eomplement, and eell lysis 
occurs. 

eytotrophoblast (sì'tò-trof'ò-blast) Inner layer of 
the trophoblast, eomposed of individual eells. 

D 

Daily Referenee Values (DRVs) Reeommended 
amounts in the diet for total fat, saturated fat, 
eholesterol, total earbohydrate, dietary fiber, sodium, 
potassium, and protein. Ihe values for total fat, 
saturated fat, eholesterol, and sodium are the 
uppermost limits eonsidered desirable because of 
their link to eertain diseases. 

Daily Values Dietary referenee values useful for 
planing a healthy diet. The Daily Values are taken 
from the Referenee Daily Intakes (RDIs) and the 
Daily Referenee Values. 

Dalton’s law Named for English ehemist John Dalton 
(1766-1844). In a mixture of gases, the portion of 
the total pressure resulting from eaeh type of gas is 
determined by the pereentage of the total volume 
represented by eaeh gas type. 
dartos muscle (dar'tòs) Layer of smooth muscle in 
the skin of the scrotum; eontraets in response to 
lower temperature and relaxes in response to higher 
temperature; raises and lowers testes in the 
scrotum. 

deciduous tooth (dè-sid'u-us) Tooth of the first set of 
teeth; also ealled primary tooth. 
decussate (dè'ku-sàt, dè-kus'àt) [L., deensso, X-shaped, 
from deenssis, ten (X)] To eross. 
deep inguinal ring (ing'gwi-nàl) Opening in the 
transverse faseia through which the spermatie eord 
(or round ligament in the female) enters the inguinal 
eanal. 

defeeation (def-é-kà'shun) [L., defaeeo, to remove the 
dregs, purify] Diseharge of feees from the rectum. 
defeeation reflex Combination of loeal and eentral 
nervous system reflexes initiated by distension of the 
rectum and resulting in the movement of feees out of 
the lower eolon. 

deglutition (dè-gloo-tish'un) [L., de + glutio, to 
swallow] Aet of swallowing. 
dendrite (den'drìt) [Gr., dendrites, tree] Branehing 
proeesses of a neuron; reeeives stimuli and conducts 
potentials toward the eell body. 
dendritie eell (den-drit'ik) Large eells with long, 
eytoplasmie extensions that are eapable of taking up 
and eoneentrating antigens, leading to the aetivation of 
B or T lymphoeytes. 

dendritie spine Extension of nerve eell dendrites 
where axons form synapses with the dendrites; also 
ealled gemmule. 
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dental areh (den'tal) [L., areiis, bow] Curved 
maxillary or mandibular areh in which the teeth are 
loeated. 

dentin (den'tin) Bony material forming the mass of 
the tooth. 

deoxyhemoglobin (dè-oks' è-hè-mó-gló'bin) 
Hemoglobin without oxygen bound to it. 
deoxyribonuclease (de-oks'è-rì-bó-noo'klè-às) 
Enzyme that splits DNA into its eomponent 
nucleotides. 

deoxyribonucleic aeid (DNA) (dè-oks'è-rí'bò-noo- 
klè'ie) Type of nucleic aeid eontaining deoxyribose 
as the sugar eomponent, found prineipally in the 
nuclei of eells; constitutes the genetie material 
of eells. 

depolarization (dè-pó' làr-i-zà' shun) Change in the 
eleetrie eharge differenee aeross the plasma membrane 
that causes the differenee to be smaller or eloser to 0 
mV; phase of the aetion potential in which the 
membrane potential moves toward zero, or beeomes 
positive. 

depression (dè-presh'un) Movement of a structure in 
an inferior direetion. 

depth pereeption (per-sep'shun) Ability to 
distinguish between near and far objeets and to judge 
their distanee. 

dermatome (der'mà-tòm) Area of skin supplied by a 
spinal nerve. 

dermis (der'mis) [Gr., derma, skin] Dense irregular 
eonneetive tissue that forms the deep layer of the 
skin. 

deseending aorta Part of the aorta, further divided into 
the thoraeie aorta and abdominal aorta. 
deseending eolon Part of the eolon extending from 
the left eolonie flexure to the sigmoid eolon. 
desmosome (dez'mó-sóm) [Gr., desmos, a band + soma, 
body] Point of adhesion between eells. Eaeh eontains a 
dense plate at the point of adhesion and a eementing 
extracellular material between the eells. 
desquamate (des'kwà-màt) [L., desquamo, to seale 
off] Peeling or sealing off of the superficial eells of 
the stratum corneum. 

diabetes insipidus (di-à-bè'tèz in-sip'í-dus) Chronic 
excretion of large amounts of urine of low speeifie 
gravity aeeompanied by extreme thirst; results from 
inadequate output of antidiuretic hormone. 
diabetes mellitus (me-lì' tus) Metabolie disease in 
which earbohydrate use is reduced and that of lipid 
and protein enhaneed; caused by a defieieney of 
insulin or an inability to respond to insulin and is 
eharaeterized, in more severe eases, by hyperglyeemia, 
glycosuria, water and eleetrolyte loss, ketoaeidosis, and 
eoma. 

diapedesis (dì'à-pé-dè'sis) [Gr., dia, through + 
pedesis, a leaping] Passage of blood or any of its 
formed elements through the intaet walls of blood 
vessels. 

diaphragm (di'à-fram) Musculomembranous 
partition between the abdominal and thoraeie 
eavities. 

diaphysis (dì-af'i-sis) [Gr., growing between] Shaft of 
a long bone. 

diastole (di-as'tò-lè) [Gr., diastole, dilation] Relaxation 
of the heart ehambers, during which they fill with 
blood; usually refers to ventricular relaxation. 
dieneephalon (dì-en-sef'à-lon) [Gr., dia, through + 
enkephalos, brain] Seeond portion of the embryonie 
brain; in the inferior eore of the adult cerebrum. 
diffnse lymphatie tissue Dispersed lymphoeytes and 
other eells with no elear boundary; found beneath 
mucous membranes, around lymph nodules, and 
within lymph nodes and spleen. 


diffiision (di-fu'zhun) [L., diffando, to pour in 
different direetions] Tendeney for solute molecules 
to move from an area of high eoneentration to an 
area of low eoneentration in solution; the product of 
the eonstant random motion of all atoms, molecules, 
or ions in a solution. 

diffiision eoeffieient Measure of how easily a gas 
difftises through a liquid or tissue. 
digestive traet (di-jes'tiv, dì-jes'tiv) Mouth, 
oropharynx, esophagus, stomaeh, small intestine, and 
large intestine. 

digit (dij'it) Finger, thumb, or toe. 
dilator pupillae (dì'là-tér pu-pil'è) Radial smooth 
muscle eells of the iris diaphragm that cause the pupil 
of the eye to dilate. 

diploid (2 n) mimber (dip'loyd) Normal number of 
ehromosomes (in humans, 46 ehromosomes) in 
somatie eells. 

disaeeharide (di-sak'á-rid) Condensation product of 
two monosaeeharides by the elimination of water. 
dissoeiate (di-só'sè-àt) [L., dis + soeio, to disjoin, 
separate] Ionization in which ions are dissolved in 
water and the eations and anions are surrounded by 
water molecules. 

distal convoluted tubule Convoluted tubule of the 
nephron that extends from the aseending limb of 
the loop of Henle and ends in a eolleeting duct. 
distributing artery Medium-sized artery with a 
tunica media eomposed prineipally of smooth 
muscle; regulates blood flow to different regions of 
the body. 

dominant (dom' i-nant) [L., dominrn, a master] Gene 
that is expressed phenotypieally to the exclusion of a 
eontrasting reeessive gene. 

dorsal root (dór'sàl) Sensory (afferent) root of a 
spinal nerve. 

dorsal root ganglion (gang'glè-on) Collection of 
sensory neuron eell bodies within the dorsal root of a 
spinal nerve; also ealled spinal ganglion. 
ductus arteriosus (duk'tus ar-tèr'è-ó-sus) Fetal vessel 
eonneeting the left pulmonary artery with the 
deseending aorta. 

ductus deferens (def'er-enz) Duct of the testiele, 
mnning from the epididymis to the ejaculatory duct; 
also ealled vas deferens. 

duodenal gland (doo'ò-dè'nàl, doo-od'é-nàl) Small 
gland that opens into the base of intestinal glands; 
seeretes a mucoid alkaline substance. 
duodenocolic reflex (doo-ò-dè'nò-kò-lik) Loeal 
reflex resulting in a mass movement of the eontents 
of the eolon; produced by stimuli in the duodenum. 
duodenum (doo-ò-dè'niim, doo-od'é-num) [L., 
duodeni\ First division of the small intestine; 
eonneets to the stomaeh. 

duramater (doo'rà mà'ter) [L., hard mother] Tough, 
fibrous membrane forming the outer eovering of the 
brain and spinal eord. 


E 

eardmm (èr'drtim) Cellular membrane that 
separates the external from the middle ear; vibrates 
in response to sound waves; also ealled tympanie 
membrane. 

eetoderm (ek'tò-derm) Outermost of the three germ 
layers of an embryo. 

eetopie focus; pl. foei (ek-top'ik fòkus, fò'sl) Any 
paeemaker other than the sinus node of the heart; 
abnormal paeemaker; an eetopie paeemaker. 

edema (e-dè'mà) [Gr., oidema, a swelling] Excessive 
accumulation of fluid within or around ealls, usually 
causing swelling. 


effeetor T eell (è-fek'tòr, è-fek'tòr) Subset ofT 
lymphoeytes that is responsible for eell-mediated 
immunity. 

efferent arteriole (ef'er-ent ar-tèr'è-òl) Vessel that 
earries blood from the glomerulus to the peritubular 
eapillaries. 

efferent division Nerve fibers that send impulses from 
the eentral nervous system to the periphery. 
efferent ductule (ef'er-ent dhk'tool) [L ductus, 
duct] One of a number of small ducts leading from 
the testis to the head of the epididymis. 
ejaculation (è-jak-u-là'shun) Reflexive expulsion of 
semen from the penis. 

ejaculatory duct (è-jak'u-là-tòr-è) Duct formed by 
the union of the ductus deferens and the excretory 
duct of the seminal vesiele; opens into the prostatie 
urethra. 

ejeetion period (è-jek'shun) Time in the eardiae eyele 
when the semilunar valves are open and blood is 
being ejeeted from the ventrieles into the arterial 
system. 

elastin (é-las'tin) Yellow, elastie, fibrous mucoprotein 
that is the major eonneetive tissue protein of elastie 
structures (e.g., large blood vessels and elastie 
ligaments). 

eleetroeardiogram (ECG, EKG) (è-lek-trò-kar'dè-ò- 
gram) [Gr., elektron, amber + kardia, heart + 
gramma, a drawing] Graphie reeord of the heart's 
eleetrie currents obtained with an eleetroeardiograph. 
eleetrolyte (è-lek'trò-llt) [Gr., eleetro + lytos, soluble] 
Cation or anion in solution that conducts an eleetrie 
current. 

eleetron (è-lek'tron) Negatively eharged subatomic 
partiele in an atom. 

eleetron-transport ehain Series of eleetron earriers in 
the inner mitoehondrial membrane; they reeeive 
eleetrons from NADH and FADH 2 , using the 
eleetrons in the formation of ATP and water. 
element (el'é-ment) [L., elementam, mdiment, 
beginning] Substance eomposed of atoms of only 
one kind. 

elevation (el-é-và'shun) Movement of a structure in a 
superior direetion. 

embolism (em'bò-lizm) [Gr., embolisma, a pieee of 
pateh, literally something thrnst in] Obstruction or 
occlusion of a vessel by a transported elot, a mass of 
baeteria, or other foreign material. 
embolus; pl. emboli (em'bò-lus, em'bò-lì) [Gr., 
embolos, plug, wedge, or stopper] Plug, eomposed of a 
detaehed elot, a mass of baeteria, or another foreign 
body, occluding a blood vessel. 
embryo (em'brè-ò) Developing human from the first 
to the eighth week of development. 
embryonie disk (em-brè-on'ik) Point in the inner 
eell mass at which the embryo begins to be formed. 
embryonie period From approximately the seeond to 
the eighth week of development, during which the 
major organ systems are organized. 
emission (è-mish'un) [L., emissio, to send 
out] Diseharge; accumulation of semen in the urethra 
prior to ejaculation. A nocturnal emission is a 
diseharge of semen while asleep. 
emmetropia (em-é-trò'pè-à) [Gr., emmetros, aeeording 
to measure + ops, eye] In the eye, the state of 
refraetion in which parallel rays are focused exactly 
on the retina; no aeeommodation is neeessary. 
emulsify (è-mul'si-fì) To form an emulsion. 
enamel (è-nam'él) Hard substance eovering the 
exposed portion of the tooth. 
endocardium; pl. endoeardia (en-dò-kar'dè-tim, en- 
dò-kar'dè-à) Innermost layer of the heart, including 
endothelium and eonneetive tissue. 
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endoerine gland (en'dò-krin) [Gr., endon, inside + 
krino, to separate] Ductless gland that seeretes a 
hormone internally, usually into the circulation. 
endoeytosis (en'dò-sì-tò'sis) Bulk uptake of material 
through the eell membrane. 

endoderm (en'dò-derm) Innermost of the three germ 
layers of an embryo. 

endolymph (en'dò-limf) [Gr., endo + L., lympha, elear 
fluid] Fluid found within the membranous labyrinth 
of the inner ear. 

endometrium; pl. endometria (en'dò-mè'trè-um, 
en'dò-mè'trè-à) Mucous membrane eomposing the 
inner layer of the uterine wall; eonsists of a simple 
columnar epithelium and a lamina propria that 
eontains simple tubular uterine glands. 
endomysium (en'dò-miz'è-um, en'dò-mis'è-um) 

[Gr., endo, within + mys, muscle] Fine eonneetive 
tissue sheath surrounding a muscle fiber. 
endoneurium (en-dò-noo'rè-um) [Gr., endo, within + 
nenron, nerve] Delieate eonneetive tissue surrounding 
individual nerve fibers within a peripheral nerve. 
endoplasmie reticulum; pl. reticula (en' dò-plas' mik 
re-tik' u-lum, re-tik'u-là) Double-walled membranous 
network inside the eytoplasm; rough has ribosomes 
attaehed to the surface; smooth does not have 
ribosomes attaehed. 

endorphin (en-dòr'fin) Opiate-like polypeptide 
found in the brain and other parts of the body; binds 
in the brain to the same reeeptors that bind 
exogenous opiates. 

endosteum (en-dos'tè-um) [Gr., endo, within + osteon, 
bone] Membranous lining of the medullary eavity and 
the eavities of spongy bone. 

endothelium; pl. endothelia (en-dò-thè'lè-um, en-dò- 
thè'lè-à) [Gr., endo, within + thele, nipple] Layer of flat 
eells lining blood and lymphatie vessels and the 
ehambers of the heart. 

enkephalin (en-kef'à-lin) Pentapeptide found in the 
brain; binds to speeifie reeeptor sites, some of which 
may be pain-related opiate reeeptors. 
enterie nervous system Complex network of neuron 
eell bodies and axons within the wall of the digestive 
traet; eapable of eontrolling the digestive traet 
independently of the eentral nervous system through 
loeal reflexes. 

enterokinase (en'tèr-ò-ki'nàs) Intestinal proteolytie 
enzyme that eonverts trypsinogen into trypsin. 
enzyme (en'zim) [Gr., en, in + zyme, leaven] Protein 
that aets as a eatalyst. 

eosinophil (è-ò-sin'ò-fil) [Gr., eos, dawn + philos, 
fond] White blood eell that stains with aeidie dyes; 
inhibits inflammation. 

epicardium (ep-i-kar'dè-um) [Gr., epi, on + kardia, 
heart] Serous membrane eovering the surface of the 
heart; also ealled viseeral pericardium. 
epidermis (ep-i-derm'is) [Gr., epi, on + derma, skin] 
Outer portion of the skin formed of epithelial tissue 
that rests on or eovers the dermis. 
epididymis; pl. epididymides (ep-i-did'i-mis, -di- 
dim'i-dèz) [Gr., epi, on + didymos, twin] Elongated 
structure eonneeted to the posterior surface of the 
testis, which eonsists of the head, body, and tail; site 
of storage and maturation of the spermatozoa. 
epiglottis (ep-i-glot'is) [Gr., epi, on + glottis, mouth 
of the windpipe] Plate of elastie eartilage eovered 
with mucous membrane; serves as a valve over the 
glottis of the larynx during swallowing. 
epimysium (ep-i-mis'è-um) [Gr., epi, on + mys, 
muscle] Fibrous envelope surrounding a skeletal 
muscle. 

epinephrine (ep'i-nef'rin) Hormone (amino aeid 
derivative) similar in structure to the 


neurotransmitter norepinephrine; major hormone 
released from the adrenal medulla; inereases eardiae 
output and blood glucose levels; also ealled 
adrenaline. 

epineurium (ep-i-noo'rè-um) [Gr., epi, on + nearon, 
nerve] Connective tissue sheath surrounding a nerve. 
epiphyseal line (ep-i-fiz'è-àl) Dense plate of bone in a 
bone that is no longer growing, indieating the former 
site of the epiphyseal plate. 

epiphyseal plate Site at which bone growth in length 
occurs; loeated between the epiphysis and diaphysis 
of a long bone; area of hyaline eartilage where 
eartilage growth is followed by endoehondral 
ossifieation; also ealled metaphysis or growth plate. 
epiphysis; pl. epiphyses (e-pif'i-sis, e-pif'i-sèz) 

[Gr., epi, on + physis, growth] Portion of a bone 
developed from a seeondary ossifieation eenter and 
separated from the remainder of the bone by the 
epiphyseal plate. 

epiploie appendage (ep'i-plò'ik) One of a number of 
little proeesses of peritoneum projeeting from the 
serous eoat of the large intestine except the rectum; 
they are generally distended with fat. 
epithelium (ep-i-thè'lè-um) [Gr., epi, on + thele, 
nipple] One of the four primary tissue types. 

Nipple refers to the tiny eapillary-eontaining 
eonneetive tissue in the lips, which is where the 
term was first used. Ihe use of the term was later 
expanded to include all eovering and lining surfaces 
of the body. 

epitope (ep'i-tòp) [Gr., epi, on + top, plaee] See 
antigenie determinant. 

eponychium (ep-ò-nik'è-um) [Gr., epi, on + onyx, 
nail] Outgrowth of the skin that eovers the proximal 
and lateral borders of the nail; also ealled cuticle. 
ereetion (è-rek'shun) [L., ereetio, to set up] Condition 
of ereetile tissue when filled with blood; tissue 
beeomes hard and unyielding; espeeially refers to this 
state of the penis. 

erythroblastosis fetalis (è-rith'rò-blas-tò'sis fè-tà'lis) 
[erythroblast + osis, eondition] Destmetion of 
erythroeytes in the fetus or newborn caused by 
antibodies produced in an Rh-negative mother aeting 
on the Rh-positive blood of the fetus or newborn. 
erythroeyte (é-rith'rò-sìt) [Gr., erythros, red + kytos, 
eell] Red blood eell; bieoneave disk eontaining 
hemoglobin. 

erythropoiesis (é-rith'rò-poy-è'sis) [ erythroeyte + 

Gr poiesis, a making] Production of erythroeytes. 
erythropoietin (é-rith'rò-poy'é-tin) Protein that 
enhanees erythropoiesis by stimulating the formation 
of proerythroblasts and the release of reticulocytes 
from bone marrow. 

esophagus; pl. esophagi (è-sof'à-gus, è-sof'à-gi, 
è-sof'à-jì) [Gr., oisophagos, gullet] Portion of the 
digestive traet between the pharynx and stomaeh. 
essential amino aeid Amino aeid, required by 
animals, that must be supplied in the diet. 
estrogen (es'trò-jen) Substance that exerts biologie 
effeets eharaeteristie of estrogen hormone, such as 
stimulating female seeondary sexual eharaeteristies, 
growth, and maturation of long bones, and help 
eontrolling the menstrual eyele. 
eustachian tube (ti-sta shun, u-sta kè-àn) Named for 
Italian anatomist Bartolommeo Eustachio (1524-1574). 
Auditory eanal; extends from the middle ear to the 
nasopharynx. 

evagination (è-vaj-i-nà'shun) [L., e, out + vagina, 
sheath] Protmsion of some part or organ from its 
normal position. 

evaporation (è-vap-ó-ra'shun) [L., e, out + vaporare, 
to emit vapor] Change from liquid to vapor form. 


eversion (è-ver'zhun) [L., everto, to overmrn] Turning 
outward. 

excitation-contraction coupling (ek-sì-tà'shun 
kon-trak'shun ktíp'ling) Stimulation of a muscle 
fiber produces an aetion potential that results in 
eontraetion of the muscle fiber. 
excitatory postsynaptie potential (EPSP) (ek-sì' tà- 
tò-rè pòst-si-nap'tik pò-ten'shàl) Depolarization in 
the postsynaptie membrane that brings the 
membrane potential elose to threshold. 
exocrine gland (ek'sò-krin) [Gr., exo, outside + krino, 
to separate] Gland that seeretes to a surface or 
outward through a duct. 

exocytosis (ek'sò-sì-to'sis) Elimination of material 
from a eell through the formation of vacuoles. 
expiratory reserve volume Maximum volume of air 
that ean be expelled from the lungs after a normal 
expiration. 

extension (eks-ten'shun) [L., extensio, to streteh 
out] To streteh out. 

external acoustic meatus (mè-à'tus) Short eanal that 
opens to the exterior environment and terminates at 
the eardmm; part of the external ear. 
external anal sphineter Ring of striated muscular 
fibers surrounding the anus. 
external ear Portion of the ear that includes the auricle 
and external acoustic meatus; terminates at the 
eardmm. 

external nose Nostril; anterior or external opening of 
the nasal eavity. 

external spermatie faseia Outer faseial eovering of the 
spermatie eord. 

external urethral orifiee Slitlike opening of the 
urethra in the glans penis. 

external urinary sphineter Sphineter skeletal muscle 
around the base of the urethra external to the internal 
urinary sphineter. 

exteroceptor (eks'ter-ò-sep'ter, eks'ter-ò-sep'tòr) [L., 
exterus, external + reeeptor, reeeiver] Sensory reeeptor 
in the skin or mucous membranes that responds to 
stimulation by external agents or forees. 
extracellular (eks-trà-sel'u-làr) Outside the eell. 
extracellular matrix; pl. matriees (eks-trà-sel'u-làr 
mà'triks, mà'tri-sèz) Nonliving ehemieal substances 
loeated between eonneetive tissue eells. 
extrinsic elotting pathway (eks-trin'sik) Series of 
ehemieal reaetions resulting in elot formation; 
begins with ehemieals (e.g., tissue thromboplastin) 
found outside the blood. 

extrinsic muscle Muscle loeated outside the structure 
being moved. 

eyebrow Short hairs on the bony ridge above the eyes. 
eyelash Hair at the margins of the eyelids. 
eyelid Movable fold of skin in front of the eyeball; also 
ealled palpebra. 

F 

F aetin (ak'tin) Librous aetin molecule that is 
eomposed of a series of globular aetin molecules 
(G aetin). 

faeilitated diffiision Carrier-mediated proeess that 
does not require ATP and moves substances into or 
out of eells from a high to a low eoneentration. 
faleiform ligament (fal'si-fòrm lig'à-ment) Lold of 
peritoneum extending to the surface of the liver from 
the diaphragm and anterior abdominal wall. 
fallopian tube (fa-lò'pè-an) See uterine tube. 
false pelvis Portion of the pelvis superior to the pelvie 
brim; eomposed of the bone on the posterior and 
lateral sides and by muscle on the anterior side; also 
ealled greater pelvis. 
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falx eerebelli (falks ser-é-bel'í) Dural fold between 
the two eerebellar hemispheres. 
fabt eerebri (falx ser'é-bri) Dural fold between the 
two eerebral hemispheres. 
far point of vision Distanee from the eye where 
aeeommodation is not needed to have the image 
focused on the retina. 

faseia; pl. faseiae (fash'é-à, fash'é-é) [L., band or 
fillet] Loose areolar eonneetive tissue found beneath 
the skin (hypodermis) or dense eonneetive tissue that 
eneloses and separates muscles. 
fasciculus (fa-sik'u-lus) \L.,fascis, bundle] Band or 
bundle of nerve or muscle fibers bound together by 
eonneetive tissue. 

fat [A.S., faet\ Greasy, soft-solid material found in 
animal tissues and many plants; eomposed of two 
types of molecules: glyeerol and fatty aeids. 
fatigue (fà-tèg') [L ,,fatigo, to tire] Period 
eharaeterized by a reduced eapaeity to do work. 
fat-soluble vitamin Vitamin, such as A, D, E, and K, 
that is soluble in lipids and absorbed from the 
intestine along with lipids. 

fauces (faw'sèz) [L., throat] Spaee between the eavity 
of the mouth and the pharynx. 
female elimaeterie Period of life occurring in women, 
eneompassing termination of the reproductive period 
and eharaeterized by endoerine, somatie, and 
transitory psyehologie ehanges and ultimately 
menopause; also ealled perimenopause. 
female pronucleus Nuclear material of the ovum after 
the ovum has been penetrated by the spermatozoon. 
Eaeh pronucleus earries the haploid number of 
ehromosomes. 

fertilization (fer'til-i-zà'shtm) Proeess that begins 
with the penetration of the seeondary ooeyte by the 
spermatozoon and is eompleted with the fusion of 
the male and female pronuclei. 
fetus (fè'tus) Developing human following the 
embryonie period (after 8 weeks of development). 
fibrin (fì'brin) Elastie filamentous protein derived 
from fibrinogen by the aetion of thrombin, which 
releases peptides from fibrinogen in coagulation of 
the blood. 

fibroblast (fi'bró-blast) [L .,fibra, fiber + Gr., blastos, 
germ] Spindle-shaped or stellate eells that form 
eonneetive tissue. 

fibroeyte (fì'brò-sìt) Mature eell of fibrous eonneetive 
tissue. 

fibrous joint (fi'brtís) Bones eonneeted by fibrous 
tissue with no joint eavity; includes sutures, 
syndesmoses, and gomphoses. 
fibrous layer Outer layer of the eye; eomposed of the 
selera and the eornea. 
filiform (fil'i-fòrm) Filament-shaped. 
filtrate (fil'tràt) Liquid that has passed through a 
filter—for example, fluid that enters the nephron 
through the filtration membrane of the glomerulus. 
filtration (fil-trà'shun) Movement, due to a pressure 
differenee, of a liquid through a filter that prevents 
some or all of the substances in the liquid from 
passing through. 

filtration fraetion Fraetion of the plasma entering the 
kidney that filters into Bowmans capsule. Normally, 
it is around 19%. 

filtration membrane Membrane formed by the 
glomemlar eapillary endothelium, the basement 
membrane, and the podoeytes of Bowmans capsule. 
filtration pressure Pressure gradient that forees fluid 
from the glomemlar eapillary through the filtration 
membrane into Bowmans capsule; glomerular eapillary 
pressure minus glomerular capsule pressure minus 
eolloid osmotie pressure. 


fimbria; pl. fimbriae (fim'brè-à, fim'brè-è) [L., 
fringe] Fringelike structure loeated at the ostium of 
the uterine tube. 

first messenger See intercellular ehemieal signal. 
fixator (fik-sà'ter) Muscle that stabilizes the origin of 
a prime mover. 

flagellum; pl. flagella (flà-jeEum, flà-jeEà) [L., whip] 
Whiplike loeomotory organelle of eonstant structural 
arrangement eonsisting of double peripheral 
microtubules and two single eentral microtubules. 
flatus (flà'tiis) [L., a blowing] Gas or air in the 
gastrointestinal traet that may be expelled through 
the anus. 

flexion (flek'shiin) [L ,,flectus\ Bending. 
foeal point Point at which light rays eross after passing 
through a eoneave lens, such as the lens of the eye. 
foliate (fò'lè-àt) Leaf-shaped. 
follicle-stimulating hormone (FSH) (fol'i-kl) 
Hormone of the adenohypophysis that, in females, 
stimulates the Graafian follieles of the ovary and 
assists in folliailar maturation and the seeretion of 
estrogen; in males, FSH stimulates the epithelium of 
the seminiferous tubules and is partially responsible 
for inducing spermatogenesis. 
follicular phase (fò-lik'u-làr) Time between the end 
of menses and ovulation, eharaeterized by rapid 
division of endometrial eells and development of 
follieles in the ovary; also ealled proliferative phase. 
foramen; pl. foramina (fò-rà'men, fò-ram' i-nà) Hole. 
foramen ovale (o-val'è) In the fetal heart, the oval 
opening in the septum secundum; the persistent part 
of septum primum aets as a valve for this interatrial 
communication during fetal life; postnatally, the 
septum primum beeomes fused to the septum 
secundum to elose the foramen ovale, forming the 
fossa ovale. 

foree That which produces a motion in the body; pull. 
foregut Cephalic portion of the primitive digestive 
tube in the embryo. 
foreskin See prepuce. 

formed elements Cells (i.e., red and white blood eells) 
and eell fragments (i.e., platelets) of blood. 
formula unit Relative number of eations and ions in 
an ionie compound. 

fornix (fòr'niks) [L., areh, vault] Reeess at the eervieal 
end of the vagina. Reeess deep to eaeh eyelid where 
the palpebral and bulbar conjunctivae meet. 
fovea eentralis (fò'vè-à) Depression in the middle of 
the macula where there are only eones and no blood 
vessels. 

free energy Total amount of energy that ean be 
liberated by the eomplete eatabolism of food. 
frenulum (fren'u-lum) [L .,frenum, bridle] Fold 
extending from the floor of the mouth to the midline 
of the undersurface of the tongue. 
frequency-modulated signals Signals, all of which are 
identieal in amplitude, that differ in their 
frequency—for example, strong stimuli may initiate a 
high frequency of aetion potentials and weak stimuli 
may initiate a low frequency of aetion potentials. 

FSH surge inerease in plasma follicle-stimulating 
hormone (FSH) levels before ovulation. 
fiilemm (ful'krum) Pivot point. 
fundus (fun'dus) [L., bottom] Bottom, or rounded 
end, of a hollow organ—for example, the fundus of 
the stomaeh or uterus. 

ftmgiform (fun'ji-fòrm) Mushroom-shaped. 

G 

G aetin (jè ak'tin) Globular protein molecules that, 
when bound together, form fibrous aetin (F aetin). 


gallbladder (gawl'blad-er) Pear-shaped reeeptaele on 
the inferior surface of the liver; serves as a storage 
reservoir for bile. 

gamete (gam'èt) Ovum or spermatozoon. 
gamma globulin (gam'à glob'u-lin) [L globulus, 
globule] Plasma proteins that include the antibodies. 
ganglion; pl. ganglia (gang'glè-on, gang'glè-à) [Gr., 
swelling, or knot] Any group of nerve eell bodies in 
the peripheral nervous system. 
gap junction Small ehannel between eells that allows 
the passage of ions and small molecules between eells; 
provides means of intercellular communication. 
gastrie gland (gas'trik) Gland loeated in the mucosa 
of the fundus and body of the stomaeh. 
gastrie inhibitory polypeptide Hormone seereted by 
the duodenum that inhibits gastrie aeid seeretion. 
gastrie pit Small pit in the mucous membrane of the 
stomaeh, at the bottom of which are the mouths of 
the gastrie glands that seerete mucus, hydroehlorie 
aeid, intrinsie faetor, pepsinogen, and hormones. 
gastrin (gas'trin) Hormone seereted in the mucosa of 
the stomaeh and duodenum that stimulates the 
seeretion of hydroehlorie aeid by the parietal eells of 
the gastrie glands. 

gastroeolie reflex (gas'trò-kol'ik) Loeal reflex 
resulting in mass movement of the eontents of the 
eolon, which occurs after the entranee of food into 
the stomaeh. 

gastroesophageal opening (gas'trò-è-sof'à-jè'àl) 
Opening of the esophagus into the stomaeh; also 
ealled eardiae opening. 

gene (jèn) [Gr., genos, birth, deseent] Functional unit 
of heredity. Eaeh gene occupies a speeifie plaee, or 
locus, on a ehromosome; it is eapable of reproducing 
itself exactly at eaeh eell division; it often is eapable of 
direeting the formation of an enzyme or another 
protein. 

geneties (jé-net'iks) [Gr., genesis, origin or production] 
Braneh of seienee that deals with heredity. 
genitalfold (jen'i-tàl) Paired longimdinal ridges 
developing in the embryo on eaeh side of the 
urogenital orifiee. In the male, they form part of the 
penis; in the female, they form the labia minora. 
genital tubercle (jen'i-tàl) Median elevation just 
eephalie to the urogenital orifiee of an embryo; gives 
rise to the penis of the male or the elitoris of the 
female. 

genotype (jen'ò-tip) [Gr., genos, birth, deseent + 
typos, type] Genetie makeup of an individual. 
germ eell (jerm) Spermatozoon or ovum. 
germ layer One of three layers in the embryo 
(eetoderm, endoderm, or mesoderm) from which the 
four primary tissue types arise. 
germinal eenter Lighter-staining eenter of a lymphatie 
nodule; area of rapid lymphoeyte division. 
gingiva (jin'ji-và) Dense fibrous tissue, eovered by 
mucous membrane, that eovers the alveolar proeesses 
of the upper and lower jaws and surrounds the neeks 
of the teeth. 

girdle (ger'dl) Belt or zone; the bony region where 
the limbs attaeh to the body. 
gland [L., glans, aeorn] Seeretory organ from which 
seeretions may be released into the blood, into a 
eavity, or onto a surface. 

glans penis [L., glans, aeorn] Conical expansion of 
the corpus spongiosum that forms the head of the 
penis. 

globin (glò'bin) Protein portion of hemoglobin. 
glomemlar eapillary pressure (glò-màr'u-làr) Blood 
pressure within the glomerulus. 
glomemlar filtration rate (GFR) Amonnt of plasma 
(filtrate) that filters into Bowmans capsules per minute. 





G-10 


Glossary 


glomerulus (gló-màr'u-lus) [L., glomtis, ball of 
yarn] Mass of eapillary loops at the beginning of 
eaeh nephron, nearly surrounded by Bowman’s 
capsule. 

glottis (glot'is) [Gr., aperture of the larynx] Voeal 
apparatus; includes voeal folds and the eleft between 
them. 

glucocorticoid (gloo-kó-kòr'ti-koyd) Steroid 
hormone (e.g., eortisol) released by zonula fasciculata 
of the adrenal cortex; inereases blood glucose and 
inhibits inflammation. 

gluconeogenesis (gloo'kó-né-ó-jen'é-sis) [Gr., glykys, 
sweet + neos, new + genesis, production] Formation 
of glucose from nonearbohydrates, such as proteins 
(amino aeids) or lipids (glyeerol). 
glyeogenesis (gli'kó-jé-nó'-sis) Formation of 
glyeogen from glucose molecules. 
glyeolysis (gll-kol' i-sis) [Gr., glykys, sweet + lysis, a 
loosening] Anaerobie proeess during which glucose is 
eonverted to pyruvic aeid; net of two ATP molecules is 
produced during glyeolysis. 

goblet eell Mucus-producing epithelial eell that has its 
apieal end distended with mucin. 

Golgi apparatus (gol'jé) Named for Camillo Golgi, 
Italian histologist and Nobel laureate (1843-1926). 
Speeialized endoplasmie reticulum that eoneentrates 
and paekages materials for seeretion from the eell. 
Golgi tendon organ Proprioeeptive nerve ending in a 
tendon. 

gomphosis (gom-fó'sis) [Gr gomphos, bolt, nail + 
osis, eondition] Fibrous joint in which a peglike 
proeess fits into a hole. 

gonad (gó'nad) [Gr., gone, seed] Organ that produces 
sex eells; testis of a male or ovary of a female. 
gonadalridge (gó-nad'àl) Elevation on the 
embryonie mesonephros; primordial germ eells 
beeome embedded in it, establishing it as a testis or 
an ovary. 

gonadotropin (gò'nad-ó-trò'pin) Hormone eapable 
of promoting gonadal growth and function. Two 
major gonadotropins are luteinizing hormone (LH) 
and folliele stimulating hormone (FSH). 
gonadotropin-releasing hormone (GnRH) 
Hypothalamie-releasing hormone that 
stimulates the seeretion of gonadotropins (LH 
and LSH) from the adenohypophysis; also ealled 
luteinizing hormone—releasing hormone 

(LHRH). 

granulocyte (gran'u-lò-slt) Mature granular white 
blood eell (neutrophil, basophil, or eosinophil). 
granulosa eell (gran-u-lò'sà) Cell in the layer 
surrounding the primary folliele. 
gray matter Collection of nerve eell bodies, their 
dendritie proeesses, and assoeiated neuroglial eells 
within the eentral nervous system. 
gray ramus communicans; pl. rami communi- 
eantes (rà'mus kò-mu'nl-kans, rà'mì kò-mu-nl- 
kan'téz) Connection between a spinal nerve and a 
sympathetie ehain ganglion through which 
unmyelinated postganglionie axons projeet. 
greater omentum Peritoneal fold passing from the 
greater curvature of the stomaeh to the transverse 
eolon, hanging like an apron in front of the 
intestines. 

greater vestibular gland One of two mucus-secreting 
glands on eaeh side of the lower part of the vagina. 
Ihe equivalent of the bulbourethral glands in the 
male. 

growth hormone Hormone that stimulates general 
growth of the individual; stimulates cellular amino 
aeid uptake and protein synthesis; also ealled 
somatotropin. 


gubernaculum (goo'ber-nak'u-lum) [L., helm] 
Column of tissue that eonneets the fetal testis to the 
developing scrotum; involved in testicular deseent. 
gustatory (gus'tà-tòr-è) Assoeiated with the sense of 
taste. 

gustatory hair Microvillus of gustatory eell in a taste 
bud. 

gyneeomastia (gì'né-kò-mas'té-à) [Gr., gyne, woman 
+ mastos, breast] Excessive development of the male 
mammary glands, which sometimes seerete milk. 


H 

H zone Area in the eenter of the A band in which 
there are no aetin myofilaments; eontains only 
myosin. 

hair [A.S., hear] Columns of dead keratinized 
epithelial eells. 

hair folliele Invagination of the epidermis into the 
dermis; eontains the root of the hair and reeeives the 
ducts of sebaceous and apoerine glands. 

Haldane effeet Named for Seottish physiologist John 
S. Haldane (1860-1936). Hemoglobin that is not 
bound to earbon dioxide binds more readily to oxygen 
than hemoglobin that is bound to earbon dioxide. 
half-life Time it takes for one-half of an administered 
substance to be lost through biologie proeesses. 
haploid (n) number (hap'loyd) One set of 
ehromosomes, in eontrast to diploid; eharaeteristie of 
gametes. 

hapten (hap' ten) [Gr., hapto, to fasten] Small molecule 
that binds to a large molecule; together they stimulate 
the speeifie immune system. 

hard palate Lloor of the nasal eavity that separates the 
nasal eavity from the oral eavity; eomposed of the 
palatine proeesses of the maxillary bones and the 
horizontal plates of the palatine bones; also ealled 
bony palate. 

haustra (haw'strà) [L., maehine for drawing 
water] Saes of the eolon, caused by eontraetion of 
the taeniae eoli, which are slightly shorter than the 
gut so that the latter is thrown into pouches. 
haversian eanal (ha-ver'shan) Named for seventeenth- 
eenrnry English anatomist Clopton Havers (1650— 
1702). Canal eontaining blood vessels, nerves, and 
loose eonneetive tissue and running parallel to the 
long axis of the bone. 

heart skeleton Librous eonneetive tissue that provides 
a point of attaehment for eardiae muscle eells, 
eleetrieally insulates the atria from the ventrieles, and 
forms the fibrous rings around the valves. 
heat energy Energy that results from the random 
movement of atoms, ions, or molecules; the greater 
the amount of heat energy in an objeet, the higher 
the objeefs temperature. 

helieotrema (hel'i-kò-trè'mà) [Gr., helix, spiral + 
traema, hole] Opening at the apex of the eoehlea 
through which the seala vestibuli and the seala 
tympani of the eoehlea eonneet. 
helper T eell Subset of T lymphoeytes that inereases 
the aetivity of B eells and T eells. 
hematoerit (hè'mà-tò-krit) [Gr., hemato, blood + 
krin, to separate] Pereentage of blood volume 
occupied by erythroeytes. 

hematoma (he-ma-to'ma) Loealized mass of blood 
released from blood vessels but eonfined within an 
organ or a spaee; the blood is usually elotted. 
heme (hèm) Oxygen-carrying, color-furnishing part 
of hemoglobin. 

hemidesmosome (hem-è-des'mò-sòm) Similar to half 
a desmosome, attaehing epithelial eells to the basement 
membrane. 


hemoeytoblast (he'mo-si'to-blast) Blood stem eell 
derived from mesenehyme that ean give rise to red 
and white blood eells and platelets. 
hemoglobin (hè-mò-glò'bin) Red, respiratory protein 
of red blood eells; eonsists of 6% heme and 94% 
globin; transports oxygen and earbon dioxide. 
hemolysis (hè-mol'i-sis) [Gr., haima + lysis, 
destruction] Destruction of red blood eells in such a 
manner that hemoglobin is released. 
hemopoiesis (hè'mò-poy-è'sis) [Gr., haima, blood + 
poiesis, a making] Lormation of the formed elements 
of blood—that is, red blood eells, white blood eells, 
and platelets; also ealled hematopoiesis. 
hemopoietie tissue (hè'mò-poy-et'ik) [Gr., haima, 
blood + poiesis, to make] Blood-forming tissue. 
hemostasis (hè'mò-stà-sis) Arrest of bleeding. 

Henry’s law Named for English ehemist William 
Henry (1775-1837). The eoneentration of a gas 
dissolved in a liquid is equal to the partial pressure of 
the gas over the liquid times the solubility eoeffieient 
of the gas. 

heparin (hep'à-rin) Anticoagulant that prevents 
platelet agglutination and thus prevents thrombus 
formation. 

hepatie artery (he-pa'tik) Braneh of the aorta that 
delivers blood to the liver. 

hepatie eord Plate of liver eells that radiates away from 
the eentral vein of a liver lobule. 
hepatie portal system System of portal veins that 
earries blood from the intestines, stomaeh, spleen, 
and panereas to the liver. 

hepatie portal vein Portal vein formed by the superior 
mesenterie and splenie veins and entering the liver. 
hepatie sinusoid (si'nu-soyd) Terminal blood vessel 
having an irregular and larger ealiber than an ordinary 
eapillary within the liver lobule. 
hepatie vein Vein that drains the liver into the inferior 
vena eava. 

hepatoeyte (hep'à-tò-sìt) Liver eell. 
hepatopanereatie ampulla Dilation within the major 
duodenal papilla that normally reeeives both the 
eommon bile duct and the main panereatie duct. 
hepatopanereatie ampullar sphineter Smooth muscle 
sphineter of the hepatopanereatie ampulla; also ealled 
sphineter of Oddi. 

Hering-Breuer reflex (her'ing broy'er) Named for 
German physiologist Heinrieh Ewald Hering (1866— 
1948) and Austrian internist Josef Breuer (1842- 
1925). Sensory impulses from streteh reeeptors in the 
lungs arrest inspiration; expiration then occurs. 
heterozygous (het'er-ò-zl'gus) [Gr., heteros, other + 
zygon, yoke] Having different allelie genes at one or 
more paired loei in homologous ehromosomes. 
hiatus (hì-à'tus) [L., aperture, to yawn] Opening. 
hilum (hì'lum) [L., small bit or trifle] Indented 
surface on many organs, serving as a point where 
nerves and vessels enter or leave. 
hindgut Caudal or terminal part of the embryonie gut. 
histamine (his'tà-mèn) Amine released by mast eells 
and basophils that promotes inflammation. 
histology (his-tol'ò-jè) [Gr., histo, web (tissue) + 
logos, study] Seienee that deals with the mieroseopie 
structure of eells, tissues, and organs in relation to 
their ffmetion. 

holoerine gland (hol'ò-krin) [Gr., holos, eomplete + 
krino, to separate] Gland whose seeretion is formed 
by the disintegration of entire eells (e.g., sebaceous 
gland). 

homeostasis (hò'mè-ò-stà'sis) [Gr., homoio, like + 
stasis, a standing] State of equilibrium in the body 
with respeet to ffmetions and eomposition of fluids 
and tissues. 
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homologous (hó-mol'ó-giis) [Gr., ratio or 
relation] Alike in structure or origin. 
homozygous (h5-mó-zl'gus) [Gr., homos, the same + 
zygon, yoke] State of having identieal allelie genes at 
one or more paired loei in homologous 
ehromosomes. 

hormone (hòr'mòn) [Gr., hormon, to set into 
motion] Substance seereted by endoerine tissues into 
the blood that aets on a target tissue to produce a 
speeifie response. 

hormone reeeptor Protein or glyeoprotein molecule 
of eells that speeifieally binds to hormones and 
produces a response. 

horn Subdivision of gray matter in the spinal eord. 

The axons of sensory neurons synapse with neurons 
in the posterior horn, the eell bodies of motor 
neurons are in the anterior horn, and the eell bodies 
of autonomic neurons are in the lateral horn. 
human ehorionie gonadotropin (HCG) Hormone 
produced by the plaeenta; stimulates the seeretion of 
testosterone by the fetus; during the first trimester, it 
stimulates ovarian seeretion from the corpus luteum 
of the estrogen and progesterone required for the 
maintenanee of the plaeenta. In a male fetus, it 
stimulates the seeretion of testosterone by the fetal 
testis. 

humoral immunity (hu mór-àl) [L., humor, a 
fluid] Immunity due to antibodies in serum. 
hyaline eartilage (hTà-lin) [Gr., hyalos, glass] 
Gelatinous, glossy eartilage tissue eonsisting of 
eartilage eells and their matrix; eontains eollagen, 
proteoglyeans, and water. 
hyahironie aeid (hTà-loo-ron'ik) Mucopoly- 
saeeharide made up of alternating (3-(l,4)-linked 
residues of hyalobiuronic aeid, forming a gelatinous 
material in the tissue spaees and aeting as a lubricant 
and shoek absorbant generally throughout the body. 
hydroehlorie aeid (HC1) (hì-dró-klòTik) Aeid of 
gastrie juice. 

hydrogen bond (hTdró-jen) Hydrogen atoms bound 
eovalently to either N or O atoms have a small 
positive eharge that is weakly attraeted to the small 
negative eharge of other atoms, such as O or N; it 
ean occur within a molecule or between different 
molecules. 

hydrophilie (hi-dro-fil'ik) [Gr., hydro, water + philos, 
love] Denoting the property of attraeting or 
assoeiating with water molecules, possessed by polar 
molecules and ions; the opposite of hydrophobie. 
hydrophobie (hi-dro-fob'ik) [Gr., hydro, water + 
phobos, fear] Laeking an attraetion to water, 
possessed by nonpolar molecules; the opposite of 
hydrophilie. 

hydroxyapatite (hl-drok'sè-ap'à-tìt) Mineral with the 
empirie formula 3 Ca 3 (P 04)2 • Ca(OH) 2 ; the main 
mineral of bone and teeth. 

hymen (hl'men) [Gr., membrane] Ihin, membranous 
fold partly occluding the vaginal external orifiee; 
normally dismpted by sexual intercourse or other 
meehanieal phenomena. 

hyoid bone (hl'oyd)(Gr., hyoeides, shaped like the 
Greek letter epsilon [e]) U-shaped bone between the 
mandible and larynx. 

hyperealeemia (hl'per-kal-sè'mè-à) Abnormally high 
levels of calcium in the blood. 
hypereapnia (hl'per-kap'nè-à) Higher than normal 
levels of earbon dioxide in the blood or tissues. 
hyperkalemia (hl'per-kà-lè'mè-à) Greater than 
normal eoneentration of potassium ions in the 
circulating blood. 

hypernatremia (hl'per-nà-trè'mè-à) Abnormally 
high plasma eoneentration of sodium ions. 


hyperosmotie (hì'per-oz-mot'ìk) [Gr., hyper, above + 
osmos, an impulsion] Having a greater osmotie 
eoneentration or pressure than a referenee solution. 
hyperpolarization (hl' per-pó' làr-i-zà' shun) inerease 
in the eharge differenee aeross the plasma 
membrane; causes the eharge differenee to move 
away from 0 mV. 

hypertonie (hl-per-ton'ik) [Gr., hyper, above + tonos, 
tension] Solution that causes eells to shrink. 
hypertrophy (hl-per'tró-fè) [Gr., hyper, above + trophe, 
nourishment] inerease in bulk or size; not due to an 
inerease in number of individual elements. 
hypoealeemia (hl-pó-kal-sè'mè-à) Abnormally low 
levels of calcium in the blood. 
hypoeapnia (hl'pó-kap'nè-à) Lower than normal 
levels of earbon dioxide in the blood or tissues. 
hypodermis (hl'pó-der'mis) [Gr., hypo, under + 
dermis, skin] Loose areolar eonneetive tissue found 
deep to the dermis that eonneets the skin to muscle 
or bone. 

hypokalemia (hl'pó-ka-lè'mè-à) Abnormally small 
eoneentration of potassium ions in the blood. 
hyponatremia (hl'pó-nà-trè'mè-à) Abnormally low 
plasma eoneentration of sodium ions. 
hyponychium (hl-pó-nik'è-um) [Gr., hypo, under + 
onyx, nail] ihiekened portion of the stratum corneum 
under the free edge of the nail. 
hypopolarization Change in the eleetrie eharge 
differenee aeross the plasma membrane that causes 
the eharge differenee to be smaller or move eloser to 

0 mV. 

hyposmotie (hl'pos-mot'ik) [Gr., hypo, under + 
osmos, an impulsion] Having a lower osmotie 
eoneentration or pressure than a referenee solution. 
hypospadias (hl'pó-spà'dè-às) [Gr., one having the 
orifiee of the penis too low; hypospao, to draw away 
from under] Developmental anomaly in the wall of the 
urethra so that the eanal is open for a greater or lesser 
distanee on the undersurface of the penis; a similar defeet 
in the female in which the urethra opens into the vagina. 
hypothalamohypophysial portal system (hl' pó- 
thal'à-mó-hl'pò-fiz'è-àl) Series of blood vessels that 
earries blood from the area of the hypothalamus to 
the anterior pituitary gland; originates from eapillary 
beds in the hypothalamus and terminates as a 
eapillary bed in the anterior pituitary gland. 
hypothalamohypophyseal traet Nerve traet 
eonsisting of the axons of neurosecretory eells and 
extending from the hypothalamus into the posterior 
pituitary gland. Hormones produced in the 
neurosecretory eell bodies in the hypothalamus are 
transported through the hypothalamohypophyseal 
traet to the posterior pituitary gland, where they are 
stored for later release. 

hypothalanms (hl'pò-thal'à-mus) [Gr., hypo, under + 
thalamns, bedroom] Important autonomic and 
neuroendocrine eontrol eenter beneath the thalamus. 
hypothenar (hl-pò-thè'nar) [Gr., hypo, under + thenar, 
palm of the hand] Fleshy mass of tissue on the medial 
side of the palm; eontains muscles responsible for 
moving the little finger. 

hypotonie (hl-pò-ton'ik) [Gr., hypo, under + tonos, 
tension] Solution that causes eells to swell. 

I 

I band Area between the ends of two adjaeent myosin 
myofilaments within a myofibril; Z disk divides the I 
band into two equal parts. 
ileoeeeal sphineter (il'è-ó-sè'kàl) ihiekening of 
circular smooth muscle between the ileum and the 
cecum, forming the ileoeeeal valve. 


ileoeeeal valve Valve formed by the ileoeeeal sphineter 
between the ileum and the cecum. 
ileum (il'è-um) [Gr., eileo, to roll up, twist] Third 
portion of the small intestine, extending from the 
jejunum to the ileoeeeal opening into the large 
intestine; the posterior inferior bone of the coxal 
bone. 

immunity (i-mu'ni-tè) [L., immanis, free from 
serviee] Resistanee to infectious disease and harmfiil 
substances. 

immunization (im-mu'ni-zà'shun) Proeess by which 
a subject is rendered immune by deliberately 
introducing an antigen or antibody into the subject. 
immunoglobulin (IG) (im'u-nò-glob'u-lin) 
Antibody found in the gamma globulin portion of 
plasma. 

implantation (im-plan-tà' shun) Attaehment of the 
blastoeyst to the endometrium of the uterus, 
occurring 6 or 7 days after fertilization of the ovum. 
impotenee (im'pó-tens) Inability to aeeomplish the 
male sexual aet; caused by psyehie or physieal faetors; 
also ealled ereetile dysfìmetion (ED). 
ineisor (in-sì'zòr) [L., ineido, to cut into] One of the 
anterior, cutting teeth. 

incisura (in'sì-soo'rà) [L., a cutting into] Noteh or 
indentation at the edge of any structure. 
incus (ing'kus) [L., anvil] Middle of the three ossieles 
in the middle ear. 

inferior colliculus (ko-lik'u-lus) [L., eollis, hill] One 
of two rounded eminenees of the midbrain; involved 
with hearing. 

inferior vena eava Vein that returns blood from the 
lower limbs and the greater part of the pelvie and 
abdominal organs to the right atrium. 
inflammatory response (in-flam'à-tòr-è) Complex 
sequence of events involving ehemieals and immune 
eells that results in the isolation and destruction of 
antigens and tissues near the antigens. 
infundibulum (in-fhn-dib' u-lum) [L., fiinnel] Funnel- 
shaped structure or passage—for example, the 
infundibulum that attaehes the hypophysis to the 
hypothalamus or the fiinnel-like expansion of the uterine 
tube near the ovary. 

infìision Introduction of a fluid other than blood, 
such as a saline or glucose solution, into the blood. 
inguinal eanal (ing'gwi-nàl) Passage through the 
lower abdominal wall that transmits the spermatie 
eord in the male and the round ligament in the 
female. 

inhibin (in-hib'in) Polypeptide seereted from the 
testes that inhibits FSH seeretion. 
inhibitory neuron (in-hib'i-tòr-è) Neuron that 
produces IPSPs and has an inhibitory influence. 
inhibitory postsynaptie potential 
(IPSP) Hyperpolarization in the postsynaptie 
membrane, which causes the membrane potential to 
move away from threshold. 
innate immunity (i'nàt, i-nàt') Immune system 
response that is the same with eaeh exposure to an 
antigen; there is no ability for the system to remember 
a previous exposure to the antigen. 
inner eell mass Group of eells at one end of the 
blastoeyst, part of which forms the body of the 
embryo. 

inner ear Part of the ear that eontains the sensory 
organs for hearing and balanee; eontains the bony 
and membranous labyrinth. 
insensible perspiration [F per, through + spiro, to 
breathe everywhere] Perspiration that evaporates 
before it is pereeived as moisture on the skin; the 
term sometimes includes evaporation from the 
lungs. 
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insertion (in-ser'shun) More movable attaehment 
point of a muscle; usually, the lateral or distal end of 
a muscle assoeiated with the limbs; also ealled mobile 
end. 

inspiratory eapaeity (in-spi'rà-tó-ré) Volume of air 
that ean be inspired after a normal expiration; the 
sum of the tidal volume and the inspiratory reserve 
volume. 

inspiratory reserve volume Maximum volume of air 
that ean be inspired after a normal inspiration. 
insulin (in'su-lin) Protein hormone seereted from the 
panereas that inereases the uptake of glucose and 
amino aeids by most tissues. 
interatrial septum (in-ter-à'tré-àl) [L saeptum, 
partition] Wall between the atria of the heart. 
interealated disk (in-ter'kà-là-ted) Cell-to-cell 
attaehment with gap junctions between eardiae 
muscle eells. 

interealated duct Minute duct of glands, such as the 
salivary gland, and the panereas; leads from the aeini 
to the interlobular ducts. 
intercellular (in-ter-sel'u-làr) Between eells. 
intercellular ehemieal signal Chemical that is released 
from eells and passes to other eells; aets as a signal that 
allows eells to communicate with eaeh other; also ealled 
first messenger. 

interferons (in-ter-fér'onz) Proteins that prevent viral 
replieation. 

interlobar artery (in-ter-lò'bar) Braneh of the 
segmental arteries of the kidney; runs between the 
renal pyramids and gives rise to the arcuate arteries. 
interlobular artery (in-ter-lob'ti-làr) Artery that passes 
between lobules of an organ; branehes of the interlobar 
arteries of the kidney pass outward through the cortex 
from the arcuate arteries and supply the afferent 
arterioles. 

interlobular duct Any duct leading from a lobule of a 
gland and formed by the junction of the interealated 
ducts draining the aeini. 

interlobular vein Vein that parallels the interlobular 
arteries; in the kidney, it drains the peritubular 
eapillary plexus, emptying into arcuate veins. 
intermediate olfaetory area Part of the olfaetory 
cortex responsible for the modulation of olfaetory 
sensations. 

internal anal sphineter [Gr., sphinkter, band or 
laee] Smooth muscle ring at the upper end of the 
anal eanal. 

internal naris; pl. nares (nà'ris, nà'rès) Openingfrom 
the nasal eavity into the nasopharynx. 
internal spermatie faseia Inner eonneetive tissue 
eovering of the spermatie eord. 
internal urinary sphineter Traditionally reeognized 
as a sphineter eomposed of a thiekening of the 
middle smooth muscle layer of the bladder around 
the urethral opening. 

interphase (in'ter-fàz) Period between aetive eell 
divisions when DNA replieation occurs. 
interstitial (in-ter-stish'àl) [L., inter, between ] sisto, to 
stand] Spaee within tissue. Interstitial growth is 
growth from within. 

interstitial eell Cell between the seminiferous tubules 
of the testes; seeretes testosterone; also ealled Leydig 
eell. 

interventricular septum (in-ter-ven-trik'u-làr) Wall 
between the ventrieles of the heart. 
intestinal gland (in-tes'ti-nàl) Tubular gland in the 
mucous membrane of the small and large intestines; 
also ealled erypt. 

intraeelhdar (in-trà-sel'u-làr) Inside a eell. 
intracellular mediator Molecule produced within a 
eell that binds to a macromolecule, such as reeeptors 


or enzymes inside that eell, that regulates their 
aetivities; also ealled seeond messenger. 
intramural plexus (in'trà-mti'ràl plek'sus) Combined 
submucosal and myenterie plexuses. 
intrinsie elotting pathway (in-trin'sik) Series of 
ehemieal reaetions resulting in elot formation that 
begins with ehemieals (e.g., plasma faetor XII) within 
the blood. 

intrinsie faetor Faetor seereted by the parietal eells of 
gastrie glands and required for adequate absorption 
of vitamin B 12 . 

intrinsie muscles Muscles loeated within the structure 
being moved. 

intubation (in-too-ba'shun) Insertion of a tube into 
an opening, a eanal, or a hollow organ. 
inversion (in-ver'zhun) [L., inverto, to turn about] 
Turning imvard. 

ion (f'on) [Gr., ion, going] Atom or group of 
atoms earrying a eharge of eleetrieity by virtue of 
having gained or lost one or more eleetrons. 
ion ehannel Pore in the plasma membrane through 
which ions, such as sodium and potassium, move. 
ionie bonding (i-on'ik) Chemical bond that is 
formed when one atom loses an eleetron and another 
aeeepts that eleetron. 

iris (ì'ris) Speeialized portion of the vascular tunic; 
the “eolored” portion of the eye that ean be seen 
through the eornea. 

isehemia (is-kè'mè-à) [Gr., iseho, to keep baek + 
haima, blood] Reduced blood supply to an area of 
the body. 

ischium (is'kè-um) Superior bone of the coxal bone. 
isomers (l'só-merz) [Gr., isos, equal + meros, 
part] Molecules having the same number and types 
of atoms but differing in their three-dimensional 
arrangement. 

isometrie eontraetion (ì-só-met'rik) [Gr., isos, equal + 
metron, measure] Muscle eontraetion in which the 
length of the muscle does not ehange but the tension 
produced inereases. 

isosmotie (i'só-os-mot'ik) [Gr., isos, equal + osmos, 
an impulsion] Having the same osmotie 
eoneentration or pressure as a referenee solution. 
isotonie (l'só-ton'ik) [Gr., isos, equal + tonos, tension] 
Type of solution that causes eells to neither shrink 
nor swell. 

isotope (l'só-tòp) [Gr., isos, equal + topos, part, 
plaee] Either of two or more atoms that have the 
same atomie number but a different number of 
neutrons. 

isthmus (is'mtis) Constriction eonneeting two larger 
parts of an organ, such as the eonstrietion between 
the body and the cervix of the uterus or the portion 
of the uterine tube between the ampulla and the 
uterus. 


J 

jaundice (jawn'dis) jaiine, yellow] Yellowish 
staining of the integument, the selerae, and the other 
tissues with bile pigments. 
jejunum (jé-joo'num) [L .,jejunus, empty] Seeond 
portion of the small intestine; loeated between the 
duodenum and the ileum. 
juxtaglomerular apparatus (juks'tà-gló-mer'u- 
làr) Complex eonsisting of juxtaglomerular eells of 
the afferent arteriole and macular densa eells of the 
distal convoluted tubule near the renal corpuscle; 
seeretes renin. 

juxtaglomerular eell Modified smooth muscle eell of 
the afferent arteriole loeated at the renal corpuscle; a 
eomponent of the juxtaglomerular apparatus. 


juxtamedullary nephron (juks'tà-med'u-làr-è) 
Nephron loeated near the junction of the renal cortex 
and medulla. 

K 

karyotype (kar'è-ò-tlp) Display of ehromosomes 
arranged by pairs. 

keratinization (ker'à-tin-i-zà'shun) Production of 
keratin and ehanges in the ehemieal and structural 
eharaeter of epithelial eells as they move to the skin 
surface. 

keratinized (ker'à-ti-nìzd) [Gr., keras, horn] Having 
beeome a structure that eontains keratin, a protein 
found in skin, hair, nails, and horns. 
keratinoeyte (ke-rat'i-nò-slt) [Gr., keras, horn + kytos, 
eell] Epidermal eell that produces keratin. 
keratohyalin (ker'à-tò-hl'à-lin) Nonmembrane- 
bound protein granule in the eytoplasm of stratum 
granulosum eells of the epidermis. 
ketogenesis (kè-tò-jen'é-sis) Production of ketone 
bodies, such as from acetyl-CoA. 
ketone body (kè'tòn) One of a group of ketones, 
including aeetoaeetie aeid, (3-hydrobutyric aeid, and 
aeetone. 

ketosis (kè-tò'sis) [ ketone + osis, eondition] Condition 
eharaeterized by the enhaneed production of ketone 
bodies, as in diabetes mellitus or starvation. 
kidney (kid'nè) [A.S., etoith, womb, belly + neere, 
kidney] One of the two organs that excrete urine. 

The kidneys are bean-shaped organs approximately 
11 em long, 5 em wide, and 3 em thiek lying on eaeh 
side of the spinal column, posterior to the 
peritoneum, approximately opposite the twelfth 
thoraeie and first three lumbar vertebrae. 
kiloealorie (Keal) (kil'ò-kal-ò-rè) Quantity of energy 
required to raise the temperature of 1 kg of water 
1°C; 1000 ealories. Equal to one dietary ealorie. 
kinetie energy (ki-net'ik) Motion energy or energy 
that ean do work. 

kinetie labyrinth (lab' i-rinth) Part of the 
membranous labyrinth eomposed of the semicircular 
eanals; deteets dynamie or kinetie equilibrium, such 
as movement of the head. 
kinetoehore (ki-nè'tò-kòr, ki-net'o-) [Gr., kinèto, 
moving + Gr., ehòra, spaee] Structural portion of 
the ehromosome to which microtubules attaeh. 
Korotkoff sounds (kò-rot'kof) Named for Russian 
physieian Nikolai S. Korotkoff (1874-1920). Sounds 
heard over an artery when blood pressure is 
determined by the auscultatory method; caused by 
turbulent flow of blood. 

L 

labium majus; pl. labia majora (là'bè-um, là'bè-à) 
One of two rounded folds of skin surrounding the 
labia minora and vestibule; homolog of the scrotum 
in males. 

labium minus; pl. labia minora One of two narrow 
longitudinal folds of mucous membrane enelosed 
by the labia majora and bounding the vestibule; 
anteriorly they unite to form the prepuce. 
laerimal apparatus (lak'ri-màl) Laerimal, or tear, 
gland in the superolateral eorner of the orbit of the 
eye and a duct system that extends from the eye to 
the nasal eavity. 

laerimal canaliculus Canal that earries excess tears 
away from the eye; loeated in the medial canthus and 
opening on the laerimal papilla. 
laerimal gland Tear gland loeated in the superolateral 
eorner of the orbit. 
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laerimal papilla Small lump of tissue in the medial 
canthus or eorner of the eye; the laerimal eanal opens 
within the laerimal papilla. 
laerimal sae Enlargement in the laerimal eanal that 
leads into the nasolaerimal duct. 
laetation (lak-tá'shim) [L., laetatio, suckle] Period 
after ehildbirth during which milk is formed in the 
breasts. 

laeteal (lak'tè-àl) Lymphatie vessel in the wall of the 
small intestine that earries ehyle from the intestine 
and absorbs fat. 

lactiferous duct (lak-tif'er-irs) One of 15-20 ducts 
that drain the lobes of the mammary gland and open 
onto the surface of the nipple. 
lactiferous sinus Dilation of the lactiferous duct just 
before it enters the nipple. 

lacuna; pl. lacunae (là-koo'nà, -koo'nè) [L., lacus, a 
hollow, a lake] Small spaee or eavity; potential 
spaee within the matrix of bone or eartilage 
normally occupied by a eell that ean be visualized 
only when the eell shrinks away from the matrix 
during fìxation; spaee eontaining maternal blood 
within the plaeenta. 

lag phase One of the three phases of muscle 
eontraetion; time between the applieation of the 
stimulus and the beginning of muscular eontraetion. 
Also ealled latent phase. 

lamella; pl. lamellae (là-meLà, là-meLè) Ihin sheet 
or layer of bone. 

lamellated corpuscle (lam'é-làt-ed) Oval reeeptor 
found in the deep dermis or hypodermis (responsible 
for deep cutaneous pressure and vibration) and in 
tendons (responsible for proprioeeption); also ealled 
Paeinian corpuscle. 

lamina; pl. laminae (lam'i-nà, lam'i-nè) [L., lamina, 
plate, leaf] Ihin plate—for example, the thinner 
portion of the vertebral areh. 
lamina propria (pró'prè-à) Layer of eonneetive 
tissue underlying the epithelium of a mucous 
membrane. 

laminar flow (lam'i-nar) Relative motion of layers of 
a fluid along smooth, eoneentrie, parallel paths. 
Langerhans eell Named for German anatomist Paul 
Langerhans (1847-1888); dendritie eell found in 
the skin. 

lanugo (là-noo'gó) [L., lana, wool] Line, soft, 
unpigmented fetal hair. 

Laplaee’s law Named for Lreneh mathematieian 

Pierre S. de Laplaee (1749-1827); the foree that 

stretehes the wall of a blood vessel is proportional 
to the radius of the vessel times the blood pressure. 
large intestine Portion of the digestive traet extending 
from the small intestine to the anus. 
laryngitis (lar-in-ji'tis) Inflammation of the mucous 
membrane of the larynx. 

laryngopharynx (là-ring'gò-far-ingks) Part of the 
pharynx lying posterior to the larynx. 
larynx; pl. larynges (lar'ingks, là-rin'jèz) Organ of 
voiee production loeated between the pharynx and 
the traehea; it eonsists of a framework of eartilages 
and elastie membranes housing the voeal folds and 
the muscles that eontrol the position and tension of 
these elements. 

last menstmal period (LMP) Beginning of the last 
menstruation before pregnaney; used elinieally to 
time events during pregnaney. 
lateral geniculate nucleus (je-nik'u-làt) Nucleus of 
the thalamus where fibers from the optie traet 
terminate. 

lateral olfaetory area (ol-fak'tò-rè) Part of the 
olfaetory cortex involved in the conscious pereeption 
of olfaetory stimuli. 


lens Transparent biconvex structure lying between the 
iris and the vitreous humor. 
lens fiber Epithelial eell that makes up the lens of 
the eye. 

lesser omentum (ó-men'tum) [L., membrane that 
eneloses the bowels] Peritoneal fold passing from the 
liver to the lesser curvature of the stomaeh and to the 
upper border of the duodenum for a distanee of 
approximately 2 em beyond the pyloms. 
lesser vestibular gland (ves-tib'u-làr) Number of 
minute mucous glands opening on the surface of the 
vestibule between the openings of the vagina and 
urethra; also ealled paraurethral gland. 
leukocyte (loo'kó-sìt) White blood eell. 
leukocytosis (loo'kó-sì-tó'sis) Abnormally large 
number of white blood eells in the blood. 
leukopenia (loo-kó-pè'nè-à) Lower than normal 
number of white blood eells in the blood. 
leukotriene (loo-kó-trì'èn) Speeifie elass of 
physiologieally aetive fatty aeid derivatives present in 
many tissues. 

lever Rigid shaft eapable of mrning about a fulcrum or 
pivot point. 

LH surge inerease in plasma luteinizing hormone 
(LH) levels before ovulation and responsible for 
initiating it. 

ligamentum arteriosum (lig'à-men'ttm) Remains of 
the ductus arteriosus. 

ligamentum venosum Remnant of the ductus venosus. 
ligand See ehemieal signal. 

ligand-gated ion ehannel Ion ehannel in a plasma 
membrane caused to either open or elose by a ligand 
binding to a reeeptor. 

limbiesystem (lim'bik) [L., limbus, border] Part of 
the brain involved with emotions and olfaetion; 
includes the cingulate gyrus, hippocampus, habenular 
nuclei, parts of the basal ganglia, the hypothalamus 
(espeeially the mammillary bodies, the olfaetory 
cortex, and various nerve traets). 
lingual tonsil (ling'gwàl) Collection of lymphoid tissue 
on the posterior portion of the dorsum of the tongue. 
lipase (lip'às) Any fat-splitting enzyme. 
lipid (li'pid) [Gr., lipos, fat] Substance eomposed 
prineipally of earbon, oxygen, and hydrogen; 
eontains a lower ratio of oxygen to earbon and is 
less polar than earbohydrates; generally soluble in 
nonpolar solvents. 

lipid bilayer Double layer of lipid molecules 
forming the plasma membrane and other cellular 
membranes. 

lipoehrome (lip'ò-kròm) Lipid-eontaining pigment 
that is metabolieally inert. 
lipotropin (li-pó-tró'pin) One of the peptide 
hormones released from the adenohypophysis; 
inereases lipolysis in fat eells. 
liver (liv'er) Largest gland of the body, lying in the 
upper-right quadrant of the abdomen just inferior to 
the diaphragm; seeretes bile and is of great importanee 
in earbohydrate and protein metabolism and in 
detoxifying ehemieals. 

lobar bronchus (brong'kus) Braneh from a primary 
bronchus that conducts air to eaeh lobe of the lungs. 
Ihere are two branehes in the left lung and three 
branehes from the primary bronchus in the right 
lung. Also ealled seeondary bronchus. 
lobe (lób) Rounded, projeeting part, such as the lobe 
of a lung, the liver, or a gland. 
lobule (lob'til) Small lobe or subdivision of a lobe, 
such as a lobule of the lung or a gland. 
loeal inflammation Inflammation eonfined to a 
speeifie area of the body. Symptoms include redness, 
heat, swelling, pain, and loss of fiinetion. 


loeal potential Depolarization that is not propagated 
and that is graded or proportional to the strength of 
the stimulus. 

loeal reflex Reflex of the intramural plexus of the 
digestive traet that does not involve the brain or 
spinal eord. 

locus; pl. loei (lò'kòs, ló'sì) Plaee; usually a speeifie 
site. 

loop of Henle Named for German anatomist 
Lriedrieh G. J. Henle (1809-1885). U-shaped part of 

the nephron extending from the proximal to the 
distal convoluted tubule and eonsisting of deseending 
and aseending limbs. Some of the loops of Henle 
extend into the renal pyramids. 
lower respiratory traet Larynx, traehea, and lungs. 
lung reeoil Deerease in the size of an expanded lung 
as a result of a deerease in the size (volume) of its 
alveoli; due to elastie reeoil of elastie fibers 
surrounding alveoli and water surface tension of a 
thin film of water within alveoli. 
lunula; pl. lunulae (loo'noo-là, loo'noo-lè) [L., luna, 
moon] White, ereseent-shaped portion of the 
nail matrix visible through the proximal end of 
the nail. 

luteal phase (loo'tè-àl) Portion of the menstmal eyele 
extending from the time of formation of the corpus 
luteum after ovulation to the time when menstmal 
flow begins; usually 14 days in length; also ealled 
seeretory phase. 

luteinizing hormone (LH) (loo'tè-l-nìz-ing) In 
females, hormone stimulating the final maturation of 
the follieles and the seeretion of progesterone by 
them, with their rupture releasing the ovum, and the 
eonversion of the ruptured folliele into the corpus 
luteum; in males, stimulates the seeretion of 
testosterone in the testes. 

lymph (limf) [L., lympha, elear spring water] Clear or 
yellowish fluid derived from interstitial fluid and 
found in lymph vessels. 

lymph node Encapsulated mass of lymph tissue found 
among lymph vessels. 

lymphatie eapillary Beginning of the lymphatie 
system of vessels; lined with flattened endothelium 
laeking a basement membrane. 
lymphatie nodule Small accumulation of lymph tissue 
laeking a distinet boundary. 

lymphatie sinus Channels in a lymph node erossed by 
a reticulum of eells and fibers. 
lymphatie vessel One of the system of vessels earrying 
lymph from the lymph eapillaries to the veins. 
lymphedema (limf'e-dè'mà) Swelling of tissues 
resulting from the excessive accumulation of fluid 
caused by the removal, damage, or bloekage of 
lymphatie vessels or lymph nodes; usually results in 
swelling of the arm or leg. 

lymphoblast (lim'fó-blast) Cell that matures into a 
lymphoeyte. 

lymphoeyte (lim'fó-slt) Nongranulocytic white blood 
eell formed in lymphoid tissue. 
lymphokine (lim'fò-kln) Chemical produced by 
lymphoeytes that aetivates maerophages, attraets 
neutrophils, and promotes inflammation. 
lysis (ll'sis) [Gr., lysis, a loosening] Proeess by which a 
eell swells and ruptures. 

lysosome (lì'só-sóm) [Gr., lysis, loosening + soma, 
body] Membrane-bounded vesiele eontaining 
hydrolytie enzymes that fimetion as intracellular 
digestive enzymes. 

lysozyme (lì'só-zlm) Enzyme that is destmetive to the 
eell walls of eertain baeteria; present in tears and some 
other fluids of the body. 




G-14 


Glossary 


M 

M line Line in the eenter of the H zone made of 
delieate filaments that holds the myosin myofilaments 
in plaee in the sareomere of muscle fibers. 
maerophage (mak'ró-fàj) [Gr., makros, large + 
phagein, to eat] Any large, mononuclear phagoeytie 
eell. 

macula; pl. maculae (mak'ti-là, mak'u-lè) [L., a spot] 
Sensory structure in the utricle and saccule, eonsisting 
of hair eells and a gelatinous mass embedded with 
otoliths. 

macula densa Cells of the distal convoluted tubule 
loeated at the renal corpuscle and forming part of the 
juxtaglomerular apparatus. 
main bronchus; pl. bronehi (brong'ktís, 
brong'kì) One of two tubes arising at the inferior 
end of the traehea; eaeh primary bronchus extends 
into one of the lungs; also ealled primary bronchus. 
major duodenal papilla Point of opening of the 
eommon bile duct and panereatie duct into the 
duodenum. 

major histoeompatibility complex (MHC) molecules 

Genes that eontrol the production of major 
histoeompatibility complex proteins, which are 
glyeoproteins found on the surfaces of eells. Ihe 
major histoeompatibility proteins serve as self- 
markers for the immune system and are used by 
antigen-presenting eells to present antigens to 
lymphoeytes. 

male pronucleus Nuclear material of the sperm eell 
after the ovum has been penetrated by the sperm eell. 
malignant (mà-lig'nànt) Resistant to treatment; 
occurring in severe form and frequently fatal; having 
loeally invasive and destructive growth and 
metastasis. 

malleus; pl. mallei (maLé-us, maLé-ì) [L., hammer] 
Largest of the three auditory ossieles; attaehed to the 
tympanie membrane. 

mamillary bodies (mam'i-làr-é) [L., breast- or nipple- 
shaped] Nipple-shaped structures at the base of the 
hypothalamus. 

mamma; pl. mammae (mam'à, mam'é) Breast; the 
organ of milk seeretion; one of two hemispherie 
projeetions of variable size situated in the subcutaneous 
layer over the peetoralis major muscle on eaeh side of 
the ehest; it is rudimentary in the male. 
mammary ligaments (mam'à-rè) Well-developed 
ligaments that extend from the overlying skin to the 
fibrous stroma of mammary gland; also ealled 
Cooper’s ligaments. 

manubrium; pl. manubria (mà-noo'brè-um, mà- 
noo'bre-à) [L., handle] Part of a bone representing 
the handle, such as the manubrium of the sternum 
representing the handle of a sword. 
mass movement Foreible peristaltie movement of 
short duration, occurring only three or four times a 
day, which moves the eontents of the large intestine. 
mass number Number of protons plus the number of 
neutrons in eaeh atom. 

mastieation (mas-ti-kà'shun) [L., mastieo, to chew] 
Proeess of chewing. 

mastieation reflex Repetitive eyele of relaxation and 
eontraetion of the muscles of mastieation. 
mastoid (mas'toyd) [Gr., mastos, breast] Resembling a 
breast. 

mastoid air eells Spaees within the mastoid proeess of 
the temporal bone eonneeted to the middle ear by 
ducts. 

mature folliele Ovarian folliele in which the ooeyte 
attains its full size. The folliele eontains a fluid-filled 
antmm and is surrounded by the theea interna and 
externa. Also ealled Graafian folliele. 


maximal stimulus Stimulus resulting in a loeal 
potential just large enough to produce the maximum 
frequency of aetion potentials. 
meatus (mè-à'tus) [L., to go, pass] Passageway or 
tunnel. 

meehanoreeeptor (mek'à-nó-rè-sep'tòr) Sensory 
reeeptor that responds to meehanieal pressures—for 
example, pressure reeeptors in the earotid sinus or 
touch reeeptors in the skin. 

meconium (mè-k5'nè-um) [Gr., mekon, poppy] First 
intestinal diseharges of the newborn infant, greenish 
in eolor and eonsisting of epithelial eells, mucus, and 
bile. 

medial olfaetory area Part of the olfaetory cortex 
responsible for the viseeral and emotional reaetions to 
odors. 

medulla oblongata (me-dool'à ob-long- 
gah'tà) Inferior portion of the brainstem that 
eonneets the spinal eord to the brain and eontains 
autonomic eenters eontrolling fiinetions such as heart 
rate, respiration, and swallowing. 
medullary eavity (med'ul-er-è, med'oo-làr-è) Large, 
marrow-filled eavity in the diaphysis of a long bone. 
medullary ray Extension of the kidney medulla into 
the cortex, eonsisting of eolleeting ducts and loops of 
Henle. 

megakaryoblast (meg-à-kar'è-ó-blast) [Gr., mega + 
karyon, nut, nucleus + blastos, germ] Cell that gives 
rise to platelets or thromboeytes. 
meibomian eyst (mì-bò'mè-an) Named for German 
anatomist Hendrik Meibom (1638-1700). A ehronie 
inflammation of a meibomian gland. 
meibomian gland Sebaceous gland near the inner 
margins of the eyelid; seeretes sebum that lubricates 
the eyelid and retains tears. 

meiosis (mì-ò'sis) [Gr., a lessening] Cell division that 
results in the formation of gametes. Consists of two 
divisions, which result in one (female) or four (male) 
gametes, eaeh of which eontains one-half the number 
of ehromosomes in the parent eell. 

Meissner corpuscle (mìs'nerz kòr'pus-l) Named for 
German histologist Georg Meissner (1829—1905). See 
taetile corpuscle. 

melanin (mel'à-nin) [Gr., melas, blaek] Group of 
related molecules responsible for skin, hair, and eye 
eolor. Most melanins are brown to blaek pigments; 
some are yellowish or reddish. 
melanoeyte (mel'à-nò-sit) [Gr., melas, blaek + kytos, 
eell] Cell found mainly in the stratum basale; 
produces the brown or blaek pigment melanin. 
melanocyte-stimulating hormone (MSH) Peptide 
hormone seereted by the anterior pimitary; inereases 
melanin production by melanoeytes, making the skin 
darker in eolor. 

melanosome (mel'à-nò-sòm) [Gr., melas, blaek] soma, 
body] Membranous organelle eontaining the 
pigment melanin. 

melatonin (mel-à-tòn'in) Hormone (amino aeid 
derivative) seereted by the pineal body; inhibits the 
seeretion of gonadotropin-releasing hormone from 
the hypothalamus. 

membrane attaek complex (MAC) Channel through 
a plasma membrane produced by aetivated 
eomplement proteins, primarily eomplement 
protein C9; in nucleated eells, water enters the 
ehannel, causing lysis of eells. 
membrane-bound reeeptor Reeeptor molecule, such 
as a hormone reeeptor, that is bound to the plasma 
membrane of the target eell. 
membranous labyrinth (mem'brà-nus lab'i-rinth) 
Membranous structure within the inner ear eonsisting 
of the eoehlea, vestibule, and semicircular eanals. 


membranous urethra (u-rè'thrà) Portion of the male 
urethra, approximately 1 em in length, extending 
from the prostate gland to the beginning of the penile 
urethra. 

memory eell Small lymphoeyte that is derived from a 
B eell or T eell and that rapidly responds to a 
subsequent exposure to the same antigen. 
menarehe (me-nar'kè) [Gr., mensis, month + arehe, 
beginning] Establishment of menstmal fimetion; the 
time of the first menstmal period or flow. 
meninx; pl. meninges (mè'ninks, mé-nin'jes) 

[Gr., membrane] Connective tissue membrane 
surrounding the brain. 

meniscus; pl. menisei (me-nis'kus, me-nis'si) 
Crescent-shaped intraarticular fibroeartilage found in 
eertain joints, such as the ereseent-shaped 
fibrocartilaginous structure of the knee. 
menopause (men'ò-pawz) [Gr., mensis, month + 
pansis, eessation] Permanent eessation of the 
menstmal eyele. 

menses (men'sèz) [L., mensis, month] Periodie 
hemorrhage from the uterine mucous membrane, 
occurring at approximately 28-day intervals. 
menstmal eyele (men' stroo-àl) Series of ehanges that 
occur in sexually mature, nonpregnant women and 
result in menses. Speeifieally refers to the uterine eyele 
but is often used to include both the uterine and 
ovarian eyeles. 

Merkel (taetile) disk (mer'kelz) Named for German 
anatomist Friedrieh Merkel (1845—1919). See taetile 

disk. 

meroerine gland (mer'ò-krin) [Gr., meros, part + 
krino, to separate] Gland that seeretes products with 
no loss of cellular material—for example, water- 
producing sweat glands. 

meseneephalon (mez-en-sef'à-lon) [Gr., mesos, middle 
+ enkephalos, brain] Midbrain in both the embryo 
and adult; eonsists of the eerebral peduncle and the 
eorpora quadrigemini. 

mesentery (mes'en-ter-è) [Gr., mesos, middle + enteron, 
intestine] Double layer of peritoneum extending 
from the abdominal wall to the abdominal viseera, 
eonveying to it its vessels and nerves. 
mesoderm (mez'ò-derm) Middle of the three germ 
layers of an embryo. 

mesonephros (mez'ò-nef'ros) One of three 
excretory organs appearing during embryonie 
development; forms caudal to the pronephros as the 
pronephros disappears. It is well developed and is 
fimetional for a time before the establishment of the 
metanephros, which gives rise to the kidney. It 
undergoes regression as an excretory organ, but its 
duct system is retained in the male as the efferent 
ductule and epididymis. 

mesosalpinx (mez'ó-sal'pinks) [Gr., mesos, middle + 
salpinx, tmmpet] Part of the broad ligament 
supporting the uterine tube. 
mesothelium (mez-ò-thè'lè-um) Single layer of 
flattened eells forming an epithelium that lines serous 
eavities, such as peritoneum, pleura, pericardium. 
mesovarium (mez'ò-và'rè-um) Short peritoneal fold 
eonneeting the ovary with the broad ligament of the 
uterus. 

messenger ribonucleic aeid (mRNA) Type of RNA 
that moves out of the nucleus and into the eytoplasm, 
where it is used as a template to determine the 
structure of proteins. 

metabolism (mé-tab'ò-lizm) [Gr., metabole, 
ehange] Sum of all the ehemieal reaetions that take 
plaee in the body, eonsisting of anabolism and 
eatabolism. Cellular metabolism refers speeifieally to 
the ehemieal reaetions within eells. 
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metaearpal (met'à-kar'pàl) Relating to the fine bones 
of the hand between the carpus (wrist) and the 
phalanges. 

metanephros (met-à-nef'ros) Most caudally loeated 
of the three excretory organs appearing during 
embryonie development; beeomes the permanent 
kidney of mammals. In mammalian embryos, it is 
formed caudal to the mesonephros and develops 
later as the mesonephros undergoes regression. 
metaphase (met'à-fàs) Time during eell division 
when the ehromosomes line up along the equator of 
the eell. 

metarteriole (met'ar-tér'é-ól) One of the small 
peripheral blood vessels that eontain seattered groups 
of smooth muscle fibers in their walls; loeated 
between the arterioles and the true eapillaries. 
metastasis (mé-tas'tà-sis) Shifting of a disease or its 
loeal manifestations or the spread of a disease from 
one part of the body to another, as in a malignant 
neoplasm. 

metatarsal (met'à-tar'sal) [Gr., meta, after + tarsos, 
sole of the foot] Distal bone of the foot. 
meteneephalon (met'en-sef'à-lon) [Gr., meta, after + 
enkephalos, brain] Seeond most posterior division of 
the embryonie brain; beeomes the pons and 
cerebellum in the adult. 
mieelle (mi-sel', mi-sel') [L., mieella, small 
morsel] Droplets of lipid surrounded by bile salts in 
the small intestine. 

mierofilament (mì-kró-fil'à-ment) Small fibril 
forming bundles, sheets, or networks in the 
eytoplasm of eells; provides structure to the 
eytoplasm and meehanieal support for mierovilli and 
stereoeilia. 

mieroglia (mi-krog'lè-à) [Gr., miero + glia, 
glue] Small neuroglial eells that beeome phagoeytie 
and mobile in response to inflammation; eonsidered 
to be maerophages within the eentral nervous system. 
microtubule (mì-kró-too'bul) Hollow tube 
eomposed of tubulin, measuring approximately 25 
nm in diameter and usually several mierometers long. 
Helps provide support to the eytoplasm of the eell 
and is a eomponent of eertain eell organelles, such as 
eentrioles, spindle fibers, eilia, and flagella. 
microvillus; pl. mierovilli (ml'kró-vil'us, ml'krò-vil'ì) 
Minute projeetion of the eell membrane that greatly 
inereases the surface area. 

micturition reflex (mik-choo-rish'un) Contraction of 
the urinary bladder stimulated by stretehing of the 
bladder wall; results in emptying of the bladder. 
middle ear Air-filled spaee within the temporal bone; 
eontains auditory ossieles; between the external and 
internal ear. 

milk letdown Expulsion of milk from the alveoli of 
the mammary glands; stimulated by oxytocin. 
mineral inorganie nutrient neeessary for normal 
metabolie fimetions. 

mineraloeortieoid (min'er-al-ó-kór'ti-koyd) Steroid 
hormone (e.g., aldosterone) produced by the zona 
glomerulosa of the adrenal cortex; faeilitates 
exchange of potassium for sodium in the distal 
renal tubule, causing sodium reabsorption and 
potassium and hydrogen ion seeretion. 
minor duodenal papilla Site of the opening of the 
aeeessory panereatie duct into the duodenum. 
minute ventilation Product of tidal volume times the 
respiratory rate. 

mitoehondrion; pl. mitoehondria (ml-tò-kon'drè-on, 
mì-tò-kon'drè-à) [Gr., mitos, thread + ehandros, 
granule] Small, spherieal, rod-shaped or thin 
filamentous structure in the eytoplasm of eells that is 
a site of ATP production. 


mitosis (ml-tò'sis) [Gr., thread] Cell division 
resulting in two daughter eells with exactly the same 
number and type of ehromosomes as the mother eell. 
modiolus (mò-dì'ò'lus) [L., nave of a wheel] Central 
eore of spongy bone about which turns the spiral 
eanal of the eoehlea. 

molar (mò'làr) Tricuspid tooth; the three posterior 
teeth of eaeh dental areh. 

molecule (mol'é-kul) Substance eomposed of two or 
more atoms ehemieally eombined to form a structure 
that behaves as an independent unit. 
monoblast (mon'ò-blast) Cell that matures into a 
monoeyte. 

monoeyte (mon'o-sìt) Type of white blood eell; large 
phagoeytie white blood eell that moves from the 
blood into tissues and beeomes a maerophage. 
mononuclear phagoeytie system (mon-ò-noo'klè-àr 
fag-ò-sit'ik) Phagoeytie eells, eaeh with a single 
nucleus; derived from monoeytes; also ealled 
reticuloendothelial system. 
monosaeeharide (mon-ò-sak'à-rid) Simple sugar 
earbohydrate that eannot form any simpler sugar by 
hydrolysis. 

mons pubis (monz pò'bis) [L., mountain; the 
genitals] Prominenee caused by a pad of fatty tissue 
over the symphysis pubis in the female. 
mornla (mòr'oo-là, mòr'u-là) [L., moms, 
mulberry] Mass of 12 or more eells resulting from 
the early eleavage divisions of the zygote. 
motor neuron Neuron that innervates skeletal, 
smooth, or eardiae muscle fibers. 
motor unit Single neuron and the muscle fibers it 
innervates. 

mucosa (mu-kò'sà) [L., mucosus mucous] Mucous 
membrane eonsisting of epithelium and lamina 
propria. In the digestive traet, there is also a layer of 
smooth muscle. 

mucous membrane (mu'kus) Ihin sheet eonsisting of 
epithelium and eonneetive tissue (lamina propria) 
that lines eavities that open to the outside of the 
body; many eontain mucous glands that seerete 
mucus. 

mucous neek eell One of the mucous-secreting eells 
in the neek of a gastrie gland. 
mucus (mu'kus) Viscous seeretion produced by and 
eovering mucous membranes; lubricates mucous 
membranes and traps foreign substances. 
multiple motor unit summation inereased foree of 
eontraetion of a muscle due to recruitment of motor 
units. 

multiple-wave summation inereased foree of 
eontraetion of a muscle due to inereased frequency of 
stimulation. 

multipolar neuron One of three eategories of neurons 
eonsisting of a neuron eell body, an axon, and two or 
more dendrites. 

muscarinic reeeptor (mtís'kà-rin'ik) Class of 
eholinergie reeeptor that is speeifieally aetivated by 
muscarine in addition to aeetyleholine. 

muscle fiber Muscle eell. 

muscle spindle Ihree to 10 speeialized muscle fibers 
supplied by gamma motor neurons and wrapped in 
sensory nerve endings; deteets streteh of the muscle 
and is involved in maintaining muscle tone. 
muscle tone Relatively eonstant tension produced by a 
muscle for long periods as a result of asynchronous 
eontraetion of motor units. 
muscle twitch Contraction of a whole muscle in 
response to a stimulus that causes an aetion potential 
in one or more muscle fibers. 
muscular fatigue Latigue due to a depletion of ATP 
within the muscle fibers. 


muscularis (mus-ku-là'ris) [Modern L., muscular] 
Muscular eoat of a hollow organ or tubular structure. 
muscularis mucosa Ihin layer of smooth muscle 
found in most parts of the digestive tube; loeated 
outside the lamina propria and adjaeent to the 
submucosa. 

musculi peetinati (mus-ku-ll pek'tí-nà'tè) Prominent 
ridges of atrial myocardium loeated on the inner 
surface of much of the right atrium and both auricles. 
nmtation (mu-tà'shun) Change in the number or 
kinds of nucleotides in the DNA of a gene. 
myeleneephalon (mì'el-en-sef'à-lon) [Gr., myelos, 
medulla, marrow + enkephalos brain] Most caudal 
portion of the embryonie brain; also ealled medulla 
oblongata. 

myelin sheath (ml'é-lin) Envelope surrounding most 
axons; formed by Schwann eell membranes being 
wrapped around the axon. 

myelinated axon (mì'é-li-nàt-ed ak'son) Nerve fiber 
having a myelin sheath. 

myeloblast (ml'é-lò-blast) Immature eell from which 
the different granulocytes develop. 
myenterie plexus (ml'en-ter'ik) Plexus of 
unmelinated fibers and postganglionie autonomic eell 
bodies lying in the muscular eoat of the esophagus, 
stomaeh, and intestines; communicates with the 
submucosal plexuses. 

myoblast (ml'ò-blast) [Gr., mys, muscle + blastos, 
germ] Primitive, multinucleated eell with the potential 
to develop into a muscle fiber. 
myofilament (mì-ò-fil'à-ment) Extremely fine 
molecular thread helping form the myofibrils of 
muscle; thiek myofilaments are formed of myosin, 
and thin myofilaments are formed of aetin. 
myometrium (ml'ò-mè'trè-um) Muscular wall of the 
uterus; eomposed of smooth muscle; also ealled 
muscular layer. 

myosin myofilament mì'ò-sin mì-ò-fil'à-ment) 

Thiek myofilament of muscle fibrils; eomposed of 
myosin molecules. 

N 

nail (nàl) [A.S., naegel] Several layers of dead 
epithelial eells eontaining hard keratin on the ends of 
the digits. 

nail bed Epithelial tissue resting on dermis under the 
nail between the nail matrix and hyponychium; 
contributes to the formation of the nail. 
nail matrix Epithelial tissue resting on dermis under 
the proximal end of a nail; produces most of the nail. 
nasal eavity (nà' zàl) Cavity between the external nares 
and the pharynx. It is divided into two ehambers by 
the nasal septum and is bounded inferiorly by the hard 
and soft palates. 

nasal septum Bony partition that separates the nasal 
eavity into left and right parts; eomposed of the 
vomer, the perpendicular plate of the ethmoid, and 
hyaline eartilage. 

nasolaerimal duct (nà-zò-lak'ri-màl) Duct that leads 
from the laerimal sae to the nasal eavity. 
nasopharynx (nà-zò-far'ingks) Part of the pharynx 
that lies above the soft palate; anteriorly it opens into 
the nasal eavity. 

near point of vision Closest point from the eye at which 
an objeet ean be held without appearing blurred. 
neek Slightly eonstrieted part of a tooth, between the 
crown and the root. 

neoplasm (nè'ò-plazm) Abnormal tissue that grows 
by cellular proliferation more rapidly than normal 
and continues to grow after the stimuli that initiated 
the new growth eeases. 
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nephron (nef'ron) [Gr., nephros, kidney] Functional 
unit of the kidney, eonsisting of the renal corpuscle, 
the proximal convoluted tubule, the loop of Henle, 
and the distal convoluted tubule. 
nerve traet Bundles of parallel axons with their 
assoeiated sheaths in the eentral nervous system. 
neural erest (noor'àl) Edge of the neural plate as it 
rises to meet at the midline to form the neural tube. 
neural erest eells Cells derived from the erests of the 
forming neural tube in the embryo; together with the 
mesoderm, they form the mesenehyme of the embryo; 
they give rise to part of the skull, the teeth, 
melanoeytes, sensory neurons, and autonomic neurons. 
neural layer Portion of the retina eontaining rods and 
eones. 

neural plate Region of the dorsal surface of the 
embryo that is transformed into the neural tube and 
neural erest. 

neural tube Tube formed from the neuroectoderm by 
the closure of the neural groove; develops into the spinal 
eord and brain. 

neuroectoderm (noor-ó-ek'tò-derm) Part of the 
eetoderm of an embryo giving rise to the brain and 
spinal eord. 

neurohormone (noor'ò-hòr'món) Hormone seereted 
by a neuron. 

neuromodulator Substance that influences the 
sensitivity of neurons to neurotransmitters but 
neither strongly stimulates nor strongly inhibits 
neurons by itself. 

neuromuscular junction (noor-ò-mus'ku-làr) 
Speeialized synapse between a motor neuron and a 
muscle fiber. 

neuron (noor'on) [Gr., nerve] Morphologie and 
flinetional unit of the nervous system, eonsisting of 
the nerve eell body, the dendrites, and the axon; also 
ealled nerve eell. 

neuron eell body Enlarged portion of the neuron 
eontaining the nucleus and other organelles; also 
ealled nerve eell body. 

neurotransmitter (noor'ò-trans-mit'er) [Gr., neuro, 
nerve] L., transmitto, to send aeross] Any speeifie 
ehemieal agent released by a presynaptie eell on 
excitation that erosses the synaptie eleft and 
stimulates or inhibits the postsynaptie eell. 
neutral solution (noo'tràl) Solution, such as pure 
water, that has 1(T 7 mol of hydrogen ions per liter 
and an equal eoneentration of hydroxide ions; has a 

pH of 7. 

neutron (noo'tron) [L., neuter, neither] Eleetrieally 
neutral partiele in the nuclei of atoms (except 
hydrogen). 

neutrophil (noo'trò-fil) [L., neuter, neither] Gr., 
philos, fond] Type of white blood eell; small 
phagoeytie white blood eell with a lobed nucleus and 
small granules in the eytoplasm. 
nieotinie reeeptor (nik-ò-tin'ik) Class of eholinergie 
reeeptor molecule that is speeifieally aetivated by 
nieotine and by aeetyleholine. 
nipple (nip'l) Projeetion at the apex of the mamma, 
on the surface of which the lactiferous ducts open; 
surrounded by a circular pigmented area, the areola. 
Nissl substance (nis'l) Named after German 
neurologist Franz Nissl (1860-1919). Areas in the 
neuron eell body eontaining rough endoplasmie 
reticulum. 

noeieeptor (nò-si-sep'ter) [L., noeeo, to injure] eapio, 
to take] Sensory reeeptor that deteets painflil or 
injurious stimuli; also ealled pain reeeptor. 
noneleetrolyte (non-è-lek'trò-llt) [Gr., eleetro] lytos, 
soluble] Molecules that do not dissoeiate and do not 
conduct eleetrieity. 


norepinephrine (nòr'ep-i-nef'rin) Neurotransmitter 
substance released from most of the postganglionie 
neurons of the sympathetie division; hormone 
released from the adrenal cortex that inereases eardiae 
output and blood glucose levels; also ealled 
noradrenaline. 

nose, or nasus (nòz, nà'siís) Visible structure that 
forms a prominent feature of the faee; nasal 
eavities. 

notoehord (nò'tò-kòrd) [Gr., notor, baek] ehords, eord] 
Small rod of tissue lying ventral to the neural tube. A 
eharaeteristie of all vertebrates, in humans it beeomes 
the nucleus pulposus of the intervertebral disks. 
nuchal (noo'kàl) Baek of the neek. 
nuclear envelope (noo'klé-er) Double membrane 
structure surrounding and enelosing the nucleus. 
nuclear pores Porelike openings in the nuclear 
envelope where the inner and outer membranes flise. 
nucleic aeid (noo-klè'ik, noo-klà'ik) Polymer of 
nucleotides, eonsisting of DNA and RNA, forms a 
family of substances that eomprise the genetie 
material of eells and eontrol protein synthesis. 
nucleolus; pl. nucleoli (noo-klè'ò-lus, noo-klè' ò- 
lí) Somewhat rounded, dense, well-defined nuclear 
body with no surrounding membrane; eontains 
ribosomal RNA and protein. 
nucleotide (noo'klè-ò-tìd) Basie building bloek of 
nucleic aeids eonsisting of a sugar (either ribose or 
deoxyribose) and one of several types of organie 
bases. 

nucleus; pl. nuclei (noo'klè-us, noo'klè-ì) [L., inside 
of a thing] Cell organelle eontaining most of the 
genetie material of the eell; eolleetion of nerve eell 
bodies within the eentral nervous system; eenter of an 
atom eonsisting of protons and neutrons. 
nucleus pulposus (pul-pò'sus) [L., eentral pulp] Soft 
eentral portion of the intervertebral disk. 
nutrient (noo'trè-ent) [L., natriens, to nourish] 
Chemicals taken into the body that are used to 
produce energy, provide building bloeks for new 
molecules, or flmetion in other ehemieal reaetions. 

O 

oleeranon proeess (ò-lek'rà-non, ò'lè-krà'non) 
Proeess on the distal end of the ulna, forming the 
point of the elbow. 

olfaetion (ol-fak'shiin) [L., olfaetas, smell] Sense of 
smell. 

olfaetory area Extreme superior region of the nasal 
eavity. 

olfaetory bulb (ol-fak'tò-rè) Ganglion-like 
enlargement at the rostral end of the olfaetory traet 
that lies over the eribriform plate; reeeives the olfaetory 
nerves from the nasal eavity. 
olfaetory cortex Termination of the olfaetory traet in 
the eerebral cortex within the lateral fissure of the 
eerebmm. 

olfaetory epithelium Epithelium of the olfaetory reeess 
eontaining olfaetory reeeptors. 
olfaetory traet Nerve traet that projeets from the 
olfaetory bulb to the olfaetory cortex. 
oligodendroeyte (ol'i-gò-den'drò-slt) Neuroglial eell 
that has eytoplasmie extensions that form myelin 
sheaths around axons in the eentral nervous system. 
oneogene (ong'kò-jèn) Gene that ean ehange or be 
aetivated to cause eaneer. 
oneology (ong-kol'ò-jè) Study of neoplasms. 
ooeyte (ò'ò-sìt) [Gr., oon, egg] kytos, a hollow 
(eell)] Immature ovum. 

oogenesis (ò-ò-jen'é-sis) Formation and development 
of a seeondary ooeyte or ovum. 


oogonium (ò-ò-gò'nè-um) [Gr., oon, egg] gone, 
generation] Primitive eell from which ooeytes are 
derived by meiosis. 

opposition Movement of the thumb and little finger 
toward eaeh other; movement of the thumb toward 
any of the fingers. 

opsin (op'sin) Protein portion of the rhodopsin 
molecule; a elass of proteins that bind to retinal to 
form the visual pigments of the rods and eones of the 
eye. 

opsonin (op'sò-nin) [Gr., opsonein to prepare food] 
Substance, such as antibody or eomplement, that 
enhanees phagoeytosis. 

optie ehiasma (op'tik kl'az'mà) [Gr., two erossing 
lines; ehi the letter y] Point of erossing of the optie 
traets. 

optie dise Point at which axons of ganglion eells of the 
retina eonverge to form the optie nerve, which then 
penetrates through the fibrous tunic of the eye. 
optie nerve Nerve earrying visual signals from the eye 
to the optie ehiasm. 

optie stalk Constricted proximal portion of the optie 
vesiele in the embryo; develops into the optie nerve. 
optie traet Traet that extends from the optie ehiasma 
to the lateral geniculate nucleus of the thalamus. 
optie vesiele One of the paired evaginations from the 
walls of the embryonie forebrain from which the 
retina develops. 

oral eavity (òr'àl) The mouth; eonsists of the spaee 
surrounded by the lips, eheeks, teeth, and palate; 
limited posteriorly by the fauces. 
orbit (òr'bit) Eye soeket; formed by seven skull bones 
that surround and proteet the eye. 
organ of Corti (òr'gàn) Named for Italian anatomist 
Marquis Alfonso Corti (1822-1888). Spiral organ; 
rests on the basilar membrane and supports the hair 
eells that deteet sounds. 

organelle (or'gà-nel) [Gr., organon, tool] Speeialized 
part of a eell with one or more speeifie individual 
fimetions. 

orgasm (òr'gazm) [Gr., orgao, to swell, be 
excited] Climax of the sexual aet, assoeiated with a 
pleasurable sensation. 

origin (òr'i-jin) Less movable attaehment point of a 
muscle; usually the medial or proximal end of a 
muscle assoeiated with the limbs; also ealled fixed 
end. 

oropharynx (òr'ò-far'ingks) Portion of the pharynx 
that lies posterior to the oral eavity; it is continuous 
above with the nasopharynx and below with the 
laryngopharynx. 

oseillating circuit Neuronal circuit arranged in a 
circular fashion that allows aetion potentials 
produced in the circuit to keep stimulating the 
neurons of the circuit. 

osmolality (os-mò-lal'i-tè) Osmotie eoneentration of 
a solution; the number of moles of solute in 1 kg of 
water times the number of partieles into which the 
solute dissoeiates. 

osmoreeeptor eell (os-mò-rè-sep'ter, os'mò-rè- 
sep'tòr) [Gr., osmos, impulsion] Reeeptor in the 
eentral nervous system that responds to ehanges in 
the osmotie pressure of the blood. 
osmosis (os-mò'sis) [Gr., osmos, thrusting or an 
impulsion] Difftision of solvent (water) through a 
membrane from a less eoneentrated solution to a 
more eoneentrated solution. 
osmotie pressure (os-mot'ik) Foree required to 
prevent the movement of water aeross a seleetively 
permeable membrane. 

ossifieation (os'i-fi-kà'shun) [L., os, bone] faeio, to 
make] Bone formation; also ealled osteogenesis. 
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osteoblast (os'té-ó-blast) [Gr., osteon, bone] blastos, 
germ] Bone-forming eell. 

osteoelast (os'té-ó-klast) [Gr., osteon, bone] klastos, 
broken] Large, multinucleated eell that absorbs 
bone. 

osteoeyte (os'tè-ó-slt) [Gr., osteon, bone] kytos, 
eell] Mature bone eell surrounded by bone matrix. 
osteomalaeia (os'té-ó-má-lá'shé-à) Softening of 
bones due to calcium depletion; adult riekets. 
osteon (os'té-on) Central eanal eontaining blood 
eapillaries and the eoneentrie lamellae around it; 
occurs in eompaet bone; also ealled haversian system. 
osteoporosis (os'tè-ó-pò-ró'sis) [Gr., osteon, bone] 
poros, pore] osis, eondition] Reduction in quantity of 
bone, resulting in porous bone. 
ostium (os'tè-um) [L., door, entranee, mouth] Small 
opening—for example, the opening of the uterine 
tube near the ovary or the opening of the uterus into 
the vagina. 

otolith (ò'tò-lith) Crystalline partieles of calcium 
earbonate and protein embedded in the maculae. 
oval window (ò'vàl) Membranous structure to 
which the stapes attaehes; transmits vibrations to the 
inner ear. 

ovarian eyele (ò-var'è-an) Series of events that occur 
in a regular fashion in the ovaries of sexually mature, 
nonpregnant females; results in ovulation and the 
production of the hormones estrogen and progesterone. 
ovarian epithelium Peritoneal eovering of the ovary; 

also ealled germinal epithelium. 
ovarian ligament Bundle of fibers passing to the 
uterus from the ovary. 

ovary (ò'và-rè) One of two female reproductive 
glands loeated in the pelvie eavity; produces the 
seeondary ooeyte, estrogen, and progesterone. 
oviduct (ò'vi-dukt) See uterine tube. 
ovulation (ov'u-là'shun) Release of an ovum, or 
seeondary ooeyte, from the vesicular folliele. 
oxidation (ok-si-dà'shun) Loss of one or more 
eleetrons from a molecule. 

oxidation-reduction reaetion Reaetion in which one 
molecule is oxidized and another is reduced. 
oxidative deamination (ok-si-dà'tiv) Removal of the 
amine group of an amino aeid to form a keto aeid, 
ammonia, and NADH. 

oxygen defieit (ok'sè-jen) Oxygen neeessary for the 
synthesis of the ATP required to remove laetie aeid 
produced by anaerobie respiration. 
oxygen-hemoglobin dissoeiation curve Graph 
deseribing the relationship between the pereentage of 
hemoglobin saturated with oxygen and a range of 
oxygen partial pressures. 

oxyhemoglobin (ox'sè-hè-mò-glò'bin) Oxygenated 
hemoglobin. 

P 

P wave First complex of the eleetroeardiogram 
representing depolarization of the atria. 

Paeinian corpuscle (pa-sin'è-an) Named for Italian 
anatomist Filippo Paeini (1812-1883). 5ATamellated 
corpuscle. 

palate (pal'àt) \L.,palatam, palate] Roof of the 
mouth. 

palatine tonsil (pal'à-tln) One of two large, oval 
masses of lymphoid tissue embedded in the lateral 
wall of the oral pharynx. 

palpebra; pl. palpebrae (pal-pè'brà, pal-pè'brè) 

[L., eyelid] Eyelid. 

palpebral conjunctiva (pal-pè'bràl kon-junk-tì'và) 
Conjunctiva that eovers the inner surface of the 
eyelids. 


palpebral fissure Spaee between the upper and lower 
eyelids. 

panereas (pan'krè-as) [Gr., pankreas, sweetbread] 
Abdominal gland that seeretes panereatie juice into 
the intestine and insulin and glucagon from the 
panereatie islets into the bloodstream. 
panereatie duct (pan-krè-at'ik) Excretory duct of the 
panereas that extends through the gland from tail to 
head, where it empties into the duodenum at the 
greater duodenal papilla. 

panereatie islet Cellular mass varying from a few to 
hundreds of eells lying in the interstitial tissue of the 
panereas; eomposed of different eell types that make 
up the endoerine portion of the panereas and are the 
source of insulin and glucagon; also ealled islets of 
Langerhans. 

panereatie juice [L.,jus, broth] External seeretion of 
the panereas; elear, alkaline fluid eontaining several 
enzymes. 

papilla (pà-pil'à) [L., nipple] Small, nipplelike 
proeess; projeetion of the dermis, eontaining blood 
vessels and nerves, into the epidermis; projeetions on 
the surface of the tongue. 

papillary muscle (pap'i-làr'è) Nipplelike, eonieal 
projeetion of myocardium within the ventriele; the 
ehordae tendineae are attaehed to the apex of the 
papillary muscle. 

parafollicular eell (par-à-fo-lik'u-làr) Endoerine eell 
in the thyroid gland; seeretes the hormone ealeitonin. 
paramesonephrie duct (par-à-mes-ò-nef'rik) One of 
two embryonie tubes extending along the 
mesonephros and emptying into the eloaea; in the 
female, the duct forms the uterine tube, the uterus, 
and part of the vagina; in the male, it degenerates. 
paranasal sinus (par-à-nà'sàl) Air-filled eavities 
within eertain skull bones that eonneet to the nasal 
eavity; loeated in the frontal, maxillary, sphenoid, 
and ethmoid bones. 

parasympathetie division (par-à-sim-pa-thet'ik) 
Subdivision of the autonomic nervous system; 
eharaeterized by having the eell bodies of its 
preganglionie neurons loeated in the brainstem and 
the saeral region of the spinal eord (eraniosaeral 
division); usually involved in aetivating vegetative 
fiinetions, such as digestion, defeeation, and urination. 
parathyroid gland (par-à-thl'royd) One of four 
glandular masses embedded in the posterior surface 
of the thyroid gland; seeretes parathyroid hormone. 
parathyroid hormone (PTH) Peptide hormone 
produced by the parathyroid gland; inereases bone 
breakdown and blood calcium levels. 
parietal (pà-rì'é-tàl) [L., paries, wall] Relating to the 
wall of any eavity. 

parietal eell Gastrie gland eell that seeretes 
hydroehlorie aeid. 

parietal pericardium Serous membrane lining the 
fibrous portion of the perieardial sae. 
parietal peritoneum Layer of peritoneum lining the 
abdominal walls. 

parietal pleura Serous membrane that lines the 
different parts of the wall of the pleural eavity. 
parotid gland (pà-rot'id) Largest of the salivary 
glands; situated anterior to eaeh ear. 
partial pressure Pressure exerted by a single gas in a 
mixture of gases. 

passive tension Tension applied to a load by a muscle 
without eontraeting; produced when an external 
foree stretehes the muscle. 
patella (pa-tel'à) [L.,patina, shallowdisk] Kneeeap. 
peetoral girdle (pek'tó-ràl) Site of attaehment of the 
upper limb to the trunk; eonsists of the scapula and 
the elaviele; also ealled shoulder girdle. 


pediele (ped'ì-kl) [L pes, feet] Stalk or base of a 
structure, such as the pediele of the vertebral areh. 
pelvie brim (pel'vik) Imaginary plane passing from 
the saeral promontory to the pubic erest. 
pelvie girdle Site of attaehment of the lower limb to 
the trunk; ring of bone formed by the saemrn and the 
coxal bones. 

pelvie inlet Superior opening of the true pelvis. 
pelvie outlet Inferior opening of the true pelvis. 
pelvis; pl. pelves (pel'vis, pel'vèz) [L., basin] Any 
basin-shaped structure; cup-shaped ring of bone at 
the lower end of the trunk, formed from the ossa 
coxal bones, saemrn, and coccyx. 
pennate (bipennate) (pen'àt) [L penna, 
feather] Muscles with fasciculi arranged like the 
barbs of a feather along a eommon tendon. 
pepsin (pep'sin) [Gr pepsis, digestion] Prineipal 
digestive enzyme of the gastrie juice, formed from 
pepsinogen; digests proteins into smaller peptide 
ehains. 

pepsinogen (pep-sin'ò-jen) \pepsin + Gr. gen, 
producing] Proenzyme formed and seereted by the 
ehief eells of the gastrie mucosa; the aeidity of the 
gastrie juice and pepsin itself eonverts pepsinogen 
into pepsin. 

peptidase (pep'ti-dàs) Enzyme eapable of hydrolyzing 
one of the peptide links of a peptide. 
peptide bond (pep'tìd) Chemical bond between 
amino aeids. 

Pereent Daily Value (% Daily Value) Pereent of the 
reeommended daily value of a nutrient found in one 
serving of a particular food. 
perforating eanal Canal eontaining blood vessels and 
nerves and running through bone perpendiailar to 
the haversian eanals; also ealled Volkmann’s eanal. 
periarterial sheath (per'è-ar-tè'rè-àl) Dense 
accumulation of lymphoeytes (white pulp) 
surrounding arteries within the spleen. 
perieapillary eell One of the slender eonneetive 
tissue eells in elose relationship to the outside of the 
eapillary wall; it is relatively undifferentiated and 
may beeome a fibroblast, maerophage, or smooth 
muscle eell. 

perieardial eavity (per-i-kar'dè-àl) Spaee within the 
mediastinum in which the heart is loeated. 
perieardial fluid Viscous fluid eontained within the 
perieardial eavity between the viseeral and parietal 
pericardium; fimetions as a lubricant. 
pericardium (per-i-kar'dè-um) [Gr., perieardion, 
membrane around the heart] Membrane eovering 
the heart; also ealled perieardial sae. 
perichondrium (per-i-kon'drè-um) [Gr peri, around 
+ ehondros, eartilage] Double-layered eonneetive 
tissue sheath surrounding eartilage. 
perilymph (per'i-limf) [Gr peri, around + L., 
lympha, elear fluid (lymph)] Fluid eontained within 
the bony labyrinth of the inner ear. 
perimetrium (per-i-mè'trè-um) Outer serous eoat of 
the uterus; also ealled serous layer. 
perimysium (per-i-mis'è-um, per-i-miz'è-um) [Gr., 
peri, around + mys, muscle] Fibrous sheath 
enveloping a bundle of skeletal muscle fibers (muscle 
faseiele). 

perineum (per'i-nè'mn) Area inferior to the pelvie 
diaphragm between the thighs; extends from the 
coccyx to the pubis. 

perineurium (per-i-noo'rè-tim) [L ., peri, around + 
Gr., neuron, nerve] Connective tissue sheath 
surrounding a nerve faseiele. 
periodontal ligament (per'è-ò-don'tàl) Connective 
tissue that surrounds the tooth root and attaehes it to 
its bony soeket. 
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periosteum (per-è-os'té-um) [Gr peri, around + 
osteon, bone] Thiek, double-layered eonneetive tissue 
sheath eovering the entire surface of a bone, except 
the articular surface, which is eovered with eartilage. 
peripheral nervous system (PNS) (pè-rif'è-ràl) 

Major subdivision of the nervous system eonsisting of 
nerves and ganglia. 

peripheral resistanee Resistanee to blood flow in all 
the blood vessels. 

peristaltie wave (per-i-stal'tik) Contraction in a tube, 
such as the intestine, eharaeterized by a wave of 
eontraetion in smooth muscle preeeded by a wave of 
relaxation that moves along the tube. 
peritubular eapillary Capillary network loeated in 
the cortex of the kidney; assoeiated with the distal 
and proximal convoluted tubules. 
permanent tooth One of the 32 teeth belonging to 
the permanent dentition; also ealled seeondary tooth. 
peroneal (per-5-nè'àl) [Gr., perone, fibula] Assoeiated 
with the fibula. 

peroxisome (per-ok'si-sòm) Membrane-bounded 
body similar to a lysosome in appearanee but often 
smaller and irregular in shape; eontains enzymes that 
either deeompose or synthesize hydrogen peroxide. 
Peyer’s pateh Named for Swiss anatomist Johann K. 
Peyer (1653-1712). Lymph nodule found in the 
lower half of the small intestine and the appendix. 
phagoeyte (fag'ò-sit) Cell that ingests baeteria, 
foreign partieles, and other eells. 
phagoeytosis (fag'ó-sì-tó'sis) [Gr phagein, to eat + 
kytos, eell + osis, eondition] Cells’ ingestion of solid 
substances, such as other eells, baeteria, bits of 
neerosed tissue, and foreign partieles. 
phalange; pl. phalanges (fa-lanj', fa-lan'jèz) [Gr., 
phalanx, line of soldiers] Bone of a finger or toe. 
pharyngeal pouch (fa-rin'jè-àl) Paired evagination of 
embryonie pharyngeal endoderm between the 
braehial arehes that gives rise to the thymus, thyroid 
gland, tonsils, and parathyroid glands. 
pharyngeal tonsil (fa-rin'jè-àl) One of two 
eolleetions of aggregated lymphoid nodules on the 
posterior wall of the nasopharynx. 
pharynx (far'ingks) [Gr pharynx, throat, the joint 
opening of the gullet and windpipe] Upper 
expanded portion of the digestive tube between the 
esophagus below and the oral and nasal eavities above 
and in front. 

phenotype (fè'nò-tìp) [Gr., phaino, to display, show 
forth + typos, model] Characteristic observed in an 
individual due to the expression of his or her 
genotype. 

phosphodiesterase (fos'fó-dì-es'ter-às) Enzyme that 
splits phosphodiester bonds—that is, that breaks 
down eyelie AMP to AMP. 

phospholipid (fos-fò-lip'id) Lipid with phosphoms, 
resulting in a molecule with a polar end and a 
nonpolar end; main eomponent of the lipid bilayer. 
phosphorylation (fos'fór-i-là'shun) Addition of 
phosphate to an organie compound. 
photoreeeptor (fò'tó-rè-sep'ter, fò'tò-rè-sep'tòr) 

[L photo, light + eeptns, to reeeive] Sensory reeeptor 
that is sensitive to light—for example, rods and eones 
of the retina. 

phrenie nerve (fren'ik) Nerve derived from spinal 
nerves C3-C5; supplies the diaphragm. 
physiologie contracture (fiz-è-ò-loj'ik kon- 
trak'ehòr) Temporary inability of a muscle to either 
eontraet or relax because of a depletion of ATP so that 
aetive transport of calcium ions into the sareoplasmie 
reticulum eannot occur. 

physiologie dead spaee Sum of anatomieal dead air 
spaee plus the volume of any nonfimetional alveoli. 


physiologie shunt Deoxygenated blood from the 
alveoli plus deoxygenated blood from the bronehi 
and bronehioles. 

piamater (pì'à mà'ter, pè'a mah'ter) [L., tender 
mother] Delieate membrane forming the inner 
eovering of the brain and spinal eord. 
pigmented layer Pigmented portion of the retina. 
pineal body (pin'è-àl) \Y,., pineus, relating to pine 
trees] A small, pine eone-shaped structure that 
projeets from the epiphysis of the dieneephalon; 
produces melatonin; also ealled pineal gland. 
pinna (pin'à) [L., pinna ov penna, feather] 5A , auricle. 
pinoeytosis (pin'ò-si-tò'sis, pi'no-sì-tò'sis) 

pineo, to drink + kytos, eell + osis, eondition] 
Cell drinking; uptake of liquid by a eell. 
pituitary gland Endoerine gland attaehed to the 
hypothalamus by the infundibulum; also ealled 
hypophysis. 

plane (plàn) \L-, planus, flat] Llat surface; an 
imaginary surface formed by extension through any 
axis or two points—for example, a midsagittal plane, 
a eoronal plane, and a transverse plane. 
plasma (plaz'mà) [Gr., something formed] Lluid 
portion of blood. 

plasma eell Cell derived from B eells; produces 
antibodies. 

plasma elearanee Volume of plasma per minute from 
which a substance ean be eompletely removed by the 
kidneys. 

plasmin (plaz'min) Enzyme derived from plasminogen; 

dissolves elots by eonverting fibrin into soluble products. 
plateau phase of aetion potential Prolongation of the 
depolarization phase of a eardiae muscle eell 
membrane; results in a prolonged refraetory period. 
platelet (plàt'let) Irregularly shaped disk found in 
blood; eontains granules in the eentral part and elear 
protoplasm peripherally but has no definite nucleus; 
also ealled thromboeyte. 

platelet plug Accumulation of platelets that stiek to 
eaeh other and to eonneetive tissue; prevents blood 
loss from damaged blood vessels. 
pleural eavity (ploor'àl) Potential spaee between the 
parietal and viseeral layers of the pleura. 
plexus; pl. plexuses (plek'stís, plek'sus-ez) [L., abraid] 
Intertwining of nerves or blood vessels. 
plieae circulares (pli'kà, plì'sè) Numerous folds of 
the mucous membrane of the small intestine. 
pluripotent (ploo-rip'ò-tent) [L ., pluris, more + 
potentia, power] In development, a eell or group of 
eells that have not yet beeome fixed or determined as 
to what speeifie tissues they are going to beeome. 
podoeyte eells (pod'ò-sìt) [Gr ., pous, podos, foot + 
kytos, a hollow (eell)] Epithelial eell of Bowmans 
capsule attaehed to the outer surface of the 
glomemlar eapillary basement membrane by 
eytoplasmie foot proeesses. 

Poiseuille’s law (pwah-zuh'yez) Named for Ereneh 
physiologist and physieist Jean Léonard Marie 
Poiseuille (1797-1869). The vohime of a fluid 

passing per unit of time through a tube is direetly 
proportional to the pressure differenee between its 
ends and to the fourth power of the internal radius of 
the tube and inversely proportional to the tube’s 
length and the viseosity of the fluid. 
polar body (pò'làr) One of the two small eells formed 
during oogenesis because of unequal division of the 
eytoplasm. 

polar eovalent bond Covalent bond in which atoms 
do not share their eleetrons equally. 
polarization Development of differenees in potential 
between two points in living tissues, as between the 
inside and outside of the plasma membrane. 


polyeythemia (pol'è-si-thè'mè-à) inerease in red 
blood eell number above the normal. 
polygenie (pol-è-jen'ik) Relating to a hereditary 
disease or normal eharaeteristie eontrolled by the 
interaetion of genes at more than one locus. 
polysaeeharide (pol-è-sak'à-rid) Carbohydrate 
eontaining a large number of monosaeeharide 
molecules. 

polyunsaturated fat Latty aeid that eontains two or 
more double eovalent bonds between its earbon 
atoms. 

pons (ponz) [L., bridge] Portion of the brainstem 
between the medulla and midbrain. 
popliteal (pop-lit'è-àl, pop-li-tè'àl) [L., ham] Posterior 
region of the knee. 

porta (pòr'tà) [L., gate] Lissure on the inferior 
surface of the liver where the portal vein, hepatie 
artery, hepatie nerve plexus, hepatie ducts, and 
lymphatie vessels enter or exit the liver. 
portal system (pòr'tal) System of vessels in which 
blood, after passing through one eapillary bed, is 
eonveyed through a seeond eapillary network. 
portal triad Branehes of the portal vein, hepatie artery, 
and hepatie duct bound together in the eonneetive 
tissue that divides the liver into lobules. 
postabsorptive state State following the absorptive 
state; blood glucose levels are maintained because of 
the eonversion of other molecules to glucose. 
posterior ehamber (pos-tèr'è-ór) Chamber of the eye 
between the iris and the lens. 
posterior interventricular sulcus Groove on the 
diaphragmatie surface of the heart, marking the 
loeation of the septum between the two ventrieles. 
posterior pituitary Portion of the hypophysis derived 
from the brain. Major seeretions include antidiuretic 
hormone and oxytocin. Also ealled neurohypophysis. 
postganglionie neuron (pòst'gang-glè- 
on'ik) Autonomic neuron that has its eell body 
loeated within an autonomic ganglion and sends its 
axon to an effeetor organ. 

postovulatory age Age of the developing fetus based 
on the assumption that fertilization occurs 14 days 
after the last menstrual period before the pregnaney. 
postsynaptie (pòst-si-nap'tik) Relating to the 
membrane of a nerve, muscle, or gland that is in elose 
assoeiation with a presynaptie terminal. The 
postsynaptie membrane has reeeptor molecules 
within it that bind to neurotransmitter molecules. 
potential differenee (pò-ten'shàl) Differenee in 
eleetrieal potential, measured as the eharge differenee 
aeross the plasma membrane. 
potential energy [Gr., en, in + ergon, work] Energy 
in a ehemieal bond that is not being exerted or used 
to do work. 

PQ interval Time elapsing between the beginning of 
the P wave and the beginning of the QRS complex in 
the eleetroeardiogram; also ealled PR interval. 
preeapillary sphineter (prè-kap'i-làr-è 
sfingk'ter) Smooth muscle sphineter that regulates 
blood flow through a eapillary. 
preganglionie neuron (prè'gang-glè-on'ik) Autonomic 
neuron that has its eell body loeated within the eentral 
nervous system and sends its axon through a nerve to 
an autonomic ganglion, where it synapses with 
postganglionie neurons. 
premolar (prè-mò'làr) Bicuspid tooth. 
prenatal (prè-nà'tal) \pre + L., natus, born] Preeeding 
birth. 

prepuce (prè'poos) In males, the free fold of skin that 
more or less eompletely eovers the glans penis; the 
foreskin. In females, the external fold of the labia 
minora that eovers the elitoris. 
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pressoreeeptor (pres'ó-rè-sep'ter, pres'ó-rè-sep'tór) 

See baroreeeptor. 

presynaptie terminal (prè'si-nap'tik) Enlarged axon 
terminal or terminal bouton. 
primary palate In the early embryo, the structure that 
gives rise to the upper jaw and lips. 
primary response Immune response that occurs as a 
result of the first exposure to an antigen. 
primary spermatoeyte (sper'mà-tó-sit) Spermatoeyte 
arising by a growth phase from a spermatogonium; gives 
rise to seeondary spermatoeytes after the first meiotie 
division. 

prime mover Muscle that plays a major role in 
aeeomplishing a movement. 
primitive streak (prim'i-tiv) Eetodermal ridge in the 
midline of the embryonie disk, from which arises the 
mesoderm by the imvard and then lateral migration 
of eells. 

primordial germ eell (pri-mór'dè-àl) Most primitive 
undifferentiated sex eell, found initially outside the 
gonad on the surface of the yolk sae. 

PR interval See PQ interval. 
proeess (pros'es, pró'ses) Projeetion on a bone. 
processus vaginalis (pró-ses'us vaj'i-nàl-us) Peritoneal 
outpocketing in the embryonie lower anterior 
abdominal wall that traverses the inguinal eanal; in 
the male, it forms the tunica vaginalis testis and 
normally loses its eonneetion with the peritoneal 
eavity. 

proerythroblast Cell that matures into an erythroeyte. 
progeria (pró-jèr'è-à) [Qv.,pro, before + ge + amras, 
old age] Severe retardation of growth after the first 
year aeeompanied by a senile appearanee and death at 
an early age. 

progesterone (pró-jès'tè-rón) Steroid hormone 
seereted by the corpus luteum and one of the 
hormones seereted by the plaeenta. 
prolaetin (pró-lak'tin) Hormone of the 
adenohypophysis that stimulates the production 
of milk. 

prolaetin-inhibiting hormone (PIH) Neurohormone 
released from the hypothalamus that inhibits 
prolaetin release from the adenohypophysis. 
prolaetin-releasing hormone (PRH) Neurohormone 
released from the hypothalamus that stimulates 
prolaetin release from the adenohypophysis. 
proliferative phase (pró-lif'er-à-tiv) See follietilar 
phase. 

pronation (pró-nà'shun) \L., pronare, to bend 
forward] Rotation of the forearm so that the anterior 
surface is down (prone). 

pronephros (pró-nef'ros) In the embryos of higher 
vertebrates, a series of tubules emptying into the 
eelomie eavity. It is a temporary structure in the 
human embryo, followed by the mesonephros and 
still later by the metanephros, which gives rise to the 
kidney. 

prophase (pró'fàz) First stage in eell division when 
ehromatin strands eondense to form ehromosomes. 
proprioeeption (pró-prè-ó-sep'shun) [L ., proprius, 
one’s own + eapio, to take] Information about the 
position of the body and its various parts. 
proprioeeptor (pró'prè-ó-sep'ter) Sensory reeeptor 
assoeiated with joints and tendons. 
prostaglandin (pros'tà-glan'din) Class of 
physiologieally aetive substances present in many 
tissues; among its effeets are vasodilation, stimulation 
and eontraetion of uterine smooth muscle and the 
promotion of inflammation and pain. 
prostate gland (pros'tàt) [Gr., prostates, one standing 
before] Gland that surrounds the beginning of the 
urethra in the male. The seeretion of the gland is a 


milky fluid that is diseharged by 20-30 excretory 
ducts into the prostatie urethra as part of the semen. 
prostatie urethra (pros-tat'ik) Part of the male 
urethra, approximately 2.5 em in length, that passes 
through the prostate gland. 
protease (prò'tè-às) Enzyme that breaks down 
proteins. 

protein (prò'tèn, prò'tè-ín) [Gr., proteios, primary] 
Macromolecule eonsisting of long sequences of 
amino aeids linked together by peptide bonds. 
protein kinase (kin-àz) Class of enzymes that 
phosphorylates other proteins. Many of these 
kinases are responsive to other ehemieal signals 
(e.g., eAMP, eGMP, insulin, epidermal growth 
faetor, calcium and calmodulin). 
proteoglyean (prò'tè-ò-gll'kan) Macromolecule 
eonsisting of numerous polysaeeharides attaehed to a 
eommon protein eore. 

prothrombin (prò-throm'bin) Glyeoprotein present 
in blood that, in the presenee of prothrombin 
aetivator, is eonverted to thrombin. 
proton (prò'ton) \Gr., protos, first] Positively eharged 
partiele in the nuclei of atoms. 
protraetion (prò-trak'shun) \L., protractus, to draw 
forth] Movement forward or in the anterior direetion. 
provitamin (prò-vì'tà-min) Substance that may be 
eonverted into a vitamin. 

proximal convoluted tubule (prok'si-màl) Part of the 
nephron that extends from the glomerulus to the 
deseending limb of the loop of Henle. 
pseudostratified epithelium Epithelium eonsisting of 
a single layer of eells but having the appearanee of 
multiple layers. 

psyehologie fatigue (sì-kò-loj'-ik) Fatigue caused by 
the eentral nervous system. 
ptosis (tó'sis) \G.,ptosis, a falling] Falling down of 
an organ—for example, the drooping of the upper 
eyelid. 

puberty (pu'ber-tè) \L.,pubertas, grown up] Series of 
events that transform a ehild into a sexually mature 
adult; involves an inerease in the seeretion of GnRH. 
pubis (pò'bis) Anterior inferior bone of the coxal 
bone. 

pudendal eleft (pu-den'dàl) Cleft between the labia 
majora. 

pudendum (pu-den'dum) 6A?vulva. 
pulmonary artery (pul'mò-nàr-è) One of the arteries 
that extend from the pulmonary trunk to the right or 
left lungs. 

pulmonary eapaeity Sum of two or more pulmonary 
volumes. 

pulmonary trunk Large, elastie artery that earries 
blood from the right ventriele of the heart to the 
right and left pulmonary arteries. 
pulmonary vein One of the veins that earry blood 
from the lungs to the left atrium of the heart. 
pulp (pulp) \L., pulpa, flesh] Soft tissue within the 
pulp eavity of the tooth, eonsisting of eonneetive 
tissue eontaining blood vessels, nerves, and 
lymphaties. 

pulse pressure (puls) Differenee between systolie and 
diastolie pressure. 

pupil (pti'píl) Circular opening in the iris through 
which light enters the eye. 

Purkinje fiber (pur-k!n'jè) Named for Bohemian 
anatomist Johannes E. von Purkinje (1787-1869). 
Modified eardiae muscle eells found beneath the 
endocardium of the ventrieles. Speeialized to conduct 
aetion potentials. 

pus (pus) Fluid product of inflammation; eontains 
white blood eells, the debris of dead eells, and tissue 
elements liquefied by enzymes. 


pylorie opening (pl-lòr'ik) Opening between the 
stomaeh and the superior part of the duodenum. 
pylorie sphineter ihiekening of the circular layer of 
the gastrie musculature eneireling the junction 
between the stomaeh and duodenum; also ealled 
pyloms. 

pyrogen (pl'rò-jen) Chemical released by 
mieroorganisms, neutrophils, monoeytes, and other 
eells that stimulates fever production by aeting on the 
hypothalamus. 


Q 

QRS complex Prineipal defleetion in the 
eleetroeardiogram, representing ventricular 
depolarization. 

QT interval Time elapsing from the beginning of the 
QRS complex to the end of the T wave, representing 
the total duration of eleetrieal aetivity of the 
ventrieles. 


R 

radial pulse (rà'dè-àl) Pulse deteeted in the radial 
artery. 

radiation (rà'dè-à'shitn) [L., radius, ray, 
beam] Sending forth of light, short radiowaves, 
ultraviolet or x-rays, or any other rays for treatment 
or diagnosis or for other reasons; radiant heat. 

radioaetive isotope (rà'dè-ò-ak'tiv) Isotope with a 
nuclear eomposition that is unstable from which 
subatomic partieles and eleetromagnetie waves are 
emitted. 

ramus; pl. rami (rà'mtís, rà'mì) [L., braneh] One of 
the primary subdivisions of a nerve or blood vessel; 
the part of a bone that forms an angle with the main 
body of the bone. 

raphe (rà'fè) [Gr., rhaphe, suture, seam] Central line 
running over the scrotum from the anus to the root 
of the penis. 

reeeptor Structural protein or glyeoprotein molecule 
on the eell surface or within the eytoplasm that binds 
to a speeifie faetor (ehemieal signal). 

reeessive (rè-ses'iv) Gene that may not be expressed 
because of suppression by a eontrasting dominant 
gene. 

Reeommended Dietary Allowances (RDAs) Guide 
for estimating the nutritional needs of groups of 
people based on their age, sex, and other faetors; first 
established in 1941. 

Reeommended Daily Intake (RDI) Generally, the 
highest RDA value in eaeh of four eategories: infants, 
toddlers, people over 4 years of age, and pregnant or 
laetating women. Ihe RDIs used to determine the 
Daily Values are based on the 1968 RDAs. 

rectum (rek'tìim) [L., rectus, straight] Portion of the 
digestive traet that extends from the sigmoid eolon to 
the anal eanal. 

red marrow (mar'o) Soft, pulpy eonneetive tissue 
filling the eavities of bones; eonsists of reticular fibers 
and the development stages of blood eells and 
platelets; gradually replaeed by yellow marrow in long 
bones and the skull. 

red pulp \L., pulpa, flesh] Reddish brown substance 
of the spleen eonsisting of venous sinuses and the 
tissues intervening between them, ealled pulp 
eords. 

reduction (rè-duk'shun) Gain of one or more 
eleetrons by a molecule. 

refraetion (rè-frak-shun) Bending of a light ray when 
it passes from one medium into another of different 
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refraetory period (rè-frak'tór-è) [Gr., periodos, a way 
around, a eyele] Period following effeetive 
stimulation during which excitable tissue, such as 
heart muscle, fails to respond to a stimulus of 
threshold intensity. 

regeneration (rè'jen-er-à'shun) Reproduction or 
reconstruction of a lost or injured part. 
regulatory gene Gene involved with eontrolling the 
aetivity of structural genes. 
relative refraetory period Portion of the aetion 
potential following the absolute refraetory period 
during which another aetion potential ean be 
produced with a greater-than-threshold stimulus 
strength. 

relaxation phase (rè-lak-sà'shun) Phase of muscle 
eontraetion following the eontraetion phase; the time 
from maximal tension production until tension 
deereases to its resting level. 
relaxin Polypeptide hormone seereted by the corpus 
luteum and plaeenta during pregnaney; faeilitates the 
birth proeess by causing a softening and lengthening 
of the pubic symphysis and cervix. 
renal artery (rè'nàl) Artery that originates from the 
aorta and delivers blood to the kidney. 
renal blood flow rate Volume at which blood flows 
through the kidneys per minute; an average of 
approximately 1200 mL/min. 
renal column Cortical substance separating the renal 
pyramids. 

renal corpuscle Glomerulus and Bowman’s capsule 
that eneloses it. 

renal faseia (fash'i-à) Connective tissue surrounding 
the kidney that forms a sheath or capsule for the 
organ. 

renal fat pad Fat layer that surrounds the kidney and 
ffmetions as a shoek-absorbing material. 
renal fraetion Portion of the eardiae output that flows 
through the kidneys; averages 21%. 
renal pelvis Funnel-shaped expansion of the upper end 
of the ureter that reeeives the ealyees. 
renal pyramid One of a number of pyramidal masses 
seen on longimdinal seetion of the kidney; they 
eontain part of the loops of Henle and the eolleeting 
tubules. 

renin (rè'nin) Enzyme seereted by the juxtaglomerular 
apparatus that eonverts angiotensinogen to 
angiotensin I. 

renin-angiotensin-aldosterone meehanism Renin, 
released from the kidneys in response to low blood 
pressure, eonverts angiotensinogen to angiotensin I. 
Angiotensin I is eonverted by angiotensin-eonverting 
enzyme to angiotensin II, which causes 
vasoeonstrietion, resulting in inereased blood 
pressure. Angiotensin II also inereases aldosterone 
seeretion, which inereases blood pressure by 
inereasing blood volume. 

repolarization (rè'p5-làr-i-zà'shun) Phase of the 
aetion potential in which the membrane potential 
moves from its maximum degree of depolarization 
toward the value of the resting membrane 
potential. 

reposition Return of a structure to its original 
position. 

residual volume (rè-zid'u-àl) Volume of air 
remaining in the lungs after a maximum expiratory 
effort. 

resohition (rez-ó-loo'shun) [L., resoliitio, a slaekening] 
Phase of the male sexual aet after ejaculation during 
which the penis beeomes flaeeid; feeling of satisfaetion; 
inability to aehieve ereetion and seeond ejaculation. 
Last phase of the female sexual aet, eharaeterized by an 
overall sense of satisfaetion and relaxation. 


respiration (res-pi-rà'shun) [L., respiratio, to exhale, 
breathe] Proeess of life in which oxygen is used to 
oxidize organie ffiel molecules, providing a source 
of energy, earbon dioxide, and water; movement of 
air into and out of the lungs, the exchange of gases 
with blood, the transportation of gases in the 
blood, and gas exchange between the blood and 
the tissues. 

respiratory bronehiole (res' pi-rà-tòr-è, ré-spir' à-tór-è) 
Smallest bronehiole (0.5 mm in diameter) that 
eonneets the terminal bronehiole to the alveolar duct. 
respiratory membrane Membrane in the lungs aeross 
which gas exchange occurs with blood. 
resting membrane potential (RMP) Eleetrie eharge 
differenee inside a plasma membrane, measured 
relative to just outside the plasma membrane. 
reticular (re-tik'u-làr) [L., rete, net] Relating to a fine 
network of eells or eollagen fibers. 
reticular eell Cell with proeesses making eontaet 
with those of other similar eells to form a cellular 
network; along with the network of reticular fibers, 
the reticular eells form the framework of bone 
marrow and lymphatie tissues. 
reticulocyte (re-tik'u-ló-slt) Young red blood eell 
with a network of basophilie endoplasmie reticulum 
occurring in larger numbers during the proeess of 
aetive red blood eell synthesis. 
reticuloendothelial system (re-tik'ti-ló-en-dó-thè' 
lè-àl) See mononuclear phagoeytie system. 
retina (ret'i-nà) Nervous tunic of the eyeball. 
retinaculum (ret-i-nak'u-lum) [L., band, halter, to 
hold baek] Dense regular eonneetive tissue sheath 
holding down the tendons at the wrist, ankle, or 
other sites. 

retraetion (rè-trak'shtin) [L., retraetio, a drawing 
baek] Movement in the posterior direetion. 
retroperitoneal (re'tró-per'i-tó-nè'àl) Behind the 
peritoneum. 

rhodopsin (rò-dop'sin) Light-sensitive substance 
found in the rods of the retina; eomposed of opsin 
loosely bound to retinal. 

ribonuclease (rl-bò-nu'klè-às) Enzyme that splits 
RNA into its eomponent nucleotides. 
ribonucleic aeid (RNA) (ri'bò-noo-klè'ik) Nucleic 
aeid eontaining ribose as the sugar eomponent; found 
in all eells in both nuclei and eytoplasm; helps direet 
protein synthesis. 

ribosomal RNA (rRNA) (ri'bò-sóm-àl) RNA that is 
assoeiated with eertain proteins to form ribosomes. 
ribosome (ri'bò-sòm) Small, spherieal, eytoplasmie 
organelle where protein synthesis occurs. 
right lymphatie duct Lymphatie duct that empties 
into the right subclavian vein; drains the right side of 
the head and neek, the right-upper thorax, and the 
right-upper limb. 

rigor mortis (rig'er mòr'tís) inereased rigidity of 
muscle after death due to eross-bridge formation 
between aetin and myosin as ealeimn ions leak from the 
sareoplasmie reticulum. 

rod Photoreeeptor in the retina of the eye; responsible 
for noneolor vision in low-intensity light. 
root Part below the neek of a tooth eovered by 
cementum rather than enamel and attaehed by the 
periodontal ligament to the alveolar bone. 
root of the penis Proximal attaehed part of the penis, 
including the two crura and the bulb. 
rotation (rò-tà'shun) Movement of a structure about 
its axis. 

rotator cuff (rò-tà'ter, rò-tà'tor) Four deep muscles 
that attaeh the humerus to the scapula. 
round ligament Fibromuscular band that is attaehed 
to the uterus on eaeh side in front of and below 


the opening of the uterine tube; it passes through 
the inguinal eanal to the labium majus. 

round ligament of the liver Remains of the umbilical 
vein. 

round window Membranous structure separating the 
seala tympani of the inner ear from the middle ear. 
Ruffìni end organ (roo-fè'nèz) Named for Italian 

histologist Angelo Rufffni (1864-1929); reeeptor 

loeated deep in the dermis and responding to 
continuous touch or pressure. 
ruga; pl. rugae (roo'gà, roo'gè) [L., a wrinkle] Fold or 
ridge; fold of the mucous membrane of the stomaeh 
when the organ is eontraeted; transverse ridge in the 
mucous membrane of the vagina. 

S 

saccule (sak'yòl) Part of the membranous labyrinth; 
eontains a sensory structure, the macula, that deteets 
statie equilibrium. 

salivary amylase (sal'i-vàr-è am'il-às) Enzyme 
seereted in the saliva that breaks down stareh to 
maltose and isomaltose. 

salivary gland Gland that produces and seeretes saliva 
into the oral eavity. Ihe three major pairs of salivary 
glands are the parotid, submandibular, and sublingual 
glands. 

salt Molecule eonsisting of a eation other than 
hydrogen and an anion other than hydroxide. 
sareolemma (sar'kò-lem'à) [Gr., sareo, muscle + 
lemma, husk] Plasma membrane of a muscle fiber. 
sareoma (sar-kò'mà) Malignant neoplasm derived 
from eonneetive tissue. 

sareomere (sar'kò-mèr) [Gr., sareo, muscle + meros, 
part] Part of a myofibril between adjaeent Z disks. 
sareoplasm (sar'kò-plazm) [Gr., sareo, muscle + 
plasma, a thing formed] Cytoplasm of a muscle fiber, 
excluding the myofilaments. 
sareoplasmie reticulum (sar'kò-plaz'mik) [Gr., sareo, 
muscle + plasma, a thing formed + reticulum, net] 
Endoplasmie reticulum of muscle. 
satellite eell (sat'é-lìt) Speeialized eell that surrounds 
the eell bodies of neurons within ganglia. 
saturated (satch'u-ràt-éd) Fatty aeid in which the 
earbon ehain eontains only single bonds between 
earbon atoms. 

saturation (satch-u-rà'shun) Point when all earrier 
molecules or enzymes are attaehed to substrate 
molecules and no more molecules ean be transported 
or reaeted. 

sealatympani (skalà tim'pà-nl) [L., stainvay] Division 
of the spiral eanal of the eoehlea lying below the spiral 
lamina and basilar membrane. 
seala vestibuli (skà'là ves-tib'u-ll) Division of the 
eoehlea lying above the spiral lamina and vestibular 
membrane. 

scapula (skap'u-là) Bone forming the shoulder blade. 
sear (skar) [Gr., esehara, seab] Fibrous tissue replaeing 
normal tissue; also ealled cicatrix. 
seiatie nerve (sì-at'ik) Tibial and eommon peroneal 
nerves bound together; also ealled isehiadie nerve. 
selera (sklèr'à) White of the eye; white, opaque 
portion of the fibrous tunic of the eye. 
seleral venus sinus Series of veins at the base of the 
eornea that drain excess aqueous humor from the eye. 
scrotum; pl. serota, scrotums (skrò'ttím, skrò'tà, 
skrò'ttimz) Musculocutaneous sae eontaining the 
testes. 

sebaceous gland (sè-bà'shus) [L., sebum, 
tallow] Gland of the skin, usually assoeiated with a 
hair folliele, that produces sebum. 
seeond messenger See intracellular mediator. 
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seeondary folliele Folliele in which the seeondary 
ooeyte is surrounded by granulosa eells at the 
periphery; eontains fluid-filled antral spaees. 
seeondary ooeyte (ó'5-slt) Ooeyte in which the 
seeond meiotie division stops at metaphase II unless 
fertilization occurs. 

seeondary palate Roof of the mouth in the early 
embryo that gives rise to the hard and the soft 
palates. 

seeondary response Immune response that occurs 
when the immune system is exposed to an antigen 
against which it has already produced a primary 
response; also ealled memory response. 
seeondary spermatoeyte (sper'mà-tó-slt) 
Spermatoeyte derived from a primary spermatoeyte 
by the first meiotie division; eaeh seeondary 
spermatoeyte gives rise by the seeond meiotie division 
to two spermatids. 

seeretin (se-krè'tin) Hormone formed by the 
epithelial eells of the duodenum; stimulates seeretion 
of panereatie juice high in biearbonate ions. 
seeretion (se-krè'shun) Substance produced inside a 
eell and released from the eell. 
seeretory phase (se-krèt'é-rè, sè'kré-tòr-è) Seelnteaì 
phase. 

segmental artery One of five branehes of the renal 
artery, eaeh supplying a segment of the kidney. 
segmental bronchus (brong'kíts) Extends from the 
seeondary bronchus and conducts air to eaeh lobule 
of the lungs. 

self-antigen Antigen produced by the body that is 
eapable of initiating an immune response against the 
body. 

semen (sè'men) [L., seed (of plants, men, animals)] 
Penile ejaculate; thiek, yellowish white, viscous fluid 
eontaining spermatozoa and seeretions of the testes, 
seminal vesieles, prostate, and bulbourethral glands. 
semicircular eanal (sem'è-sir'ku-làr) Canal in the 
petrous portion of the temporal bone that eontains 
sensory organs that deteet kinetie or dynamie 
equilibrium. Ihree semicircular eanals are within 
eaeh inner ear. 

seminal vesiele (sem'i-nàl) One of two glandular 
structures that empty into the ejaculatory ducts; its 
seeretion is one of the eomponents of semen. 
seminiferous tubule (sem'i-nif'er-us) Tubule in the 
testis in which spermatozoa develop. 
sensible perspiration (sen'si-bl pers-pi-rà'shun) 
Perspiration excreted by the sweat glands that 
appears as moisture on the skin; produced in large 
quantity when there is much humidity in the 
atmosphere. 

septum primum (sep'ttim prì'mtim) First septum in 
the embryonie heart that arises on the wall of the 
originally single atrium of the heart and separates it 
into right and left ehambers. 
septum secundum (sek'tin-diim) Seeond of two 
major septal structures involved in the partitioning of 
the atrium, arising later than the septum primum and 
loeated to the right of it; it remains an ineomplete 
partition until after birth, with its unclosed area 
constituting the foramen ovale. 
serosa (se-rò'sà) [L., serosiis, serous] Outermost 
eovering of an organ or a structure that lies in a body 
eavity. 

serous fluid (ser'íis) Fluid similar to lymph that is 
produced by and eovers serous membrane; it 
lubricates the serous membrane. 
serous membrane Thin sheet eomposed of epithelial 
and eonneetive tissues; it lines eavities that do not open 
to the outside of the body or eontain glands but do 
seerete serous fluid. 


serous pericardium Lining of the perieardial sae 
eomposed of a serous membrane. 

Sertoli eell (ser-tò'lè) Named for Italian histologist 
Enrieo Sertoli (1842—1910). Elongated eell in the 
wall of the seminiferous tubules to which spermatids 
are attaehed during spermatogenesis. 
serum (sèr'hm) [L., whey] Fluid portion of blood after 
the removal of fibrin and blood eells. 
sesamoid bone (ses'à-moyd) [Gr., sesamoeeies, like a 
sesame seed] Bone found within a tendon, such as 
the patella. 

sex ehromosomes Pair of ehromosomes responsible 
for sex determination, XX in female and XY in 
male. 

sex-linked trait Characteristic resulting from the 
expression of a gene on a sex ehromosome. 
sigmoid eolon (sig'moyd) Part of the eolon between 
the deseending eolon and the rectum. 
sigmoid mesoeolon Fold of peritoneum attaehing the 
sigmoid eolon to the posterior abdominal wall. 
simple epithelium Epithelium eonsisting of a single 
layer of eells. 

sinoatrial (SA) node (si'nò-à'trè-àl) Mass of 
speeialized eardiae muscle fibers; aets as the 
“paeemaker” of the eardiae conduction system. 
sinus (sl'nus) [L., eavity] Hollow in a bone or other 
tissue; enlarged ehannel for blood or lymph. 
sinus venosus End of the embryonie eardiae tube 
where blood enters the heart; beeomes a portion of 
the right atrium, including the SA node. 
simisoid (si'nu-soyd) [L., sinus + Gr., eidos, 
resemblanee] Terminal blood vessel having a larger 
diameter than an ordinary eapillary. 
sinusoidal eapillary (si-nu-soy'dàl) Capillary with 
ealiber of 10-20 pm or more; lined with a fenestrated 
type of endothelium. 

small intestine [L., intestirms, entrails] Portion of the 
digestive tube between the stomaeh and the cecum; 
eonsists of the duodenum, jejunum, and ileum. 
sodium-potassium (Na + -K + ) pump Bioehemieal 
meehanism that uses energy derived from ATP to 
aehieve the aetive transport of potassium ions 
opposite to that of sodium ions; also ealled sodium 
potassium ATP-ase. 

soft palate Posterior muscular portion of the palate, 
forming an ineomplete septum between the mouth 
and the oropharynx and between the oropharynx and 
the nasopharynx. 

solute (sol'tit, sò'loot) [L., solutus, dissolved] Dissolved 
substance in a solution. 

solution (sò-loo'shun) [L., solutio\ Homogenous 
mixture formed when a solute is dissolved in a 
solvent. 

solvent (sol'vent) [L., solvens, to dissolve] Liquid that 
holds another substance in solution. 
soma (sò'mà) [Gr., body] Neuron eell body or the 
enlarged portion of the neuron eontaining the 
nucleus and other organelles. 
somatie (sò-mat'ik) [Gr., somatikos, bodily] Relating 
to the body; the eells of the body except the 
reproductive eells. 

somatie nervous system Composed of nerve fibers 
that send impulses from the eentral nervous system to 
skeletal muscle. 

somatomedin (só'mà-tó-mè'din) Peptide synthesized 
in the liver eapable of stimulating eertain anabolie 
proeesses in bone and eartilage, such as synthesis of 
DNA, RNA, and protein. 

somatotropin (sò'mà-tò-trò'pin) Protein hormone of 
the anterior pimitary gland; it promotes body 
growth, fat mobilization, and inhibition of glucose 
utilization. 


somite (sò'mlt) [Gr., soma, body + ite\ One of the 
paired segments eonsisting of eell masses formed in 
the early embryonie mesoderm on eaeh side of the 
neural tube. 

somitomere (sò'mìt-ò-mèr) Indistinet somite in the 
head region of the embryo. 

spatial summation Summation of the loeal potentials 
in which two or more aetion potentials arrive 
simultaneously at two or more presynaptie terminals 
that synapse with a single neuron. 
speeifie heat Heat required to raise the temperature of 
any substance 1 °C eompared with the heat required 
to raise the same volume of water 1°C. 
speeeh Use of the voiee in eonveying ideas. 
spermatie eord (sper-mat'ik) Cord formed by the 
ductus deferens and its assoeiated structures; extends 
through the inguinal eanal into the scrotum. 
spermatid (sper'mà-tid) [Gr., sperma, seed] id\ Cell 
derived from the seeondary spermatoeyte; gives rise 
to a spermatozoon. 

spermatogenesis (sper'mà-tò-jen'é-sis) Formation and 
development of the spermatozoon. 
spermatogonium (sper'mà-tò-gò'nè-um) [Gr., sperma, 
seed + gone, generation] Cell that divides by mitosis 
to form primary spermatoeytes. 
spermatozoon; pl. spermatozoa (sper'mà-tò-zò'on, 
sper'mà-to-zò'à) [Gr., sperma, seed + zoon, animal] 
Male gamete or sex eell, eomposed of a head and a 
tail. The spermatozoon eontains the genetie 
information transmitted by the male. Also ealled 
sperm eell. 

sphenoid (sfè'noyd) [Gr., shen, wedge] Wedge- 
shaped. 

sphineter pupillae (sfingk'ter pu-pil'è) Circular 
smooth muscle fibers of the iris’s diaphragm that 
eonstriet the pupil of the eye. 
sphygmomanometer (sfig'mò-mà-nom'é-ter) [Gr., 
sphygmos, pulse + manos, thin, seanty + metron, 
measure] Instmment for measuring blood pressure. 
spinal nerve (spl'nàl) One of 31 pairs of nerves 
formed by the joining of the dorsal and ventral roots 
that arise from the spinal eord. 
spindle fiber (spin'dl) Speeialized microtubule that 
develops from eaeh eentrosome and extends toward 
the ehromosomes during eell division. 
spiral artery (spl'ràl) One of the corkscrewlike 
arteries in premenstmal endometrium; most obvious 
during the seeretory phase of the uterine eyele. 
spiral ganglion Cell bodies of sensory neurons that 
innervate hair eells of the organ of Corti are loeated 
in the spiral ganglion. 

spiral lamina Attaehed to the modiolus and supports 
the basilar and vestibular membranes. 
spiral ligament Attaehment of the basilar membrane 
to the lateral wall of the bony labyrinth. 
spiral organ Organ of Corti; rests on the basilar 
membrane and eonsists of the hair eells that deteet 
sound; also ealled organ of Corti. 
spiral tubular gland Well-developed simple or 
compound tubular gland; spiral in shape; within the 
endometrium of the uterus; prevalent in the seeretory 
phase of the uterine eyele. 

spirometer (spì-rom'é-ter) [L., spiro, to breathe + 

Gr., metron, measure] Gasometer used for measuring 
the volume of respiratory gases; usually understood to 
eonsist of a counterbalanced eylindrieal bell sealed by 
dipping into a circular trough of water. 
spirometry (spì-rom'é-trè) Making pulmonary 
measurements with a spirometer. 
spleen (splèn) Large lymphatie organ in the upper part 
of the abdominal eavity on the left side between the 
stomaeh and diaphragm, eomposed of white and red 
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pulp. It responds to foreign substances in the blood, 
destroys worn-out red blood eells, and is a storage site 
for blood eells. 

spongy iirethra Portion of the male urethra, 
approximately 15 em in length, that traverses the 
corpus spongiosum of the penis. 
squamous (skwà'mus) [L., squama, a seale] Sealelike, 
flat. 

stapedius (stà-pè'dè-us) Small skeletal muscles 
attaehed to the stapes. 

stapes (stà'pèz) [L., stirmp] Smallest of the three 
auditory ossieles; attaehed to the oval window. 
Starling’s law of the heart Named for English 
physiologist Ernest H. Starling (1866-1927). Foree 
of eontraetion of eardiae muscle is a flinetion of the 
length of its muscle fibers at the end of diastole; the 
greater the ventricular filling, the greater the stroke 
volume produced by the heart. 
stermim (ster'num) [L., sternon, ehest] Breastbone. 
steroid (stèr'oyd, ster'oyd) Large family of lipids, 
including some reproductive hormones, vitamins, 
and eholesterol. 

stomaeh (stum'uk) Large sae between the esophagus 
and the small intestine, lying just beneath the 
diaphragm. 

stratified epithelium (strat'i-fìd ep-i-thè'lè-um) 
Epithelium eonsisting of more than one layer of 
eells. 

stratum basale (strat-um bàh-sàkè) [L., layer; basal] 
Basal, or deepest, layer of the epidermis; also ealled 
stramm germinativum. 

stratmn corneum (kòr'nè-itm) [L., layer + eornens, 
horny] Most superficial layer of the epidermis 
eonsisting of flat, keratinized, dead eells. 
stratum germinativum See stratum basale. 
stratum granulosum (gran' u-lò' sum) [L., layer; 
granulum, a small grain] Layer of eells in the 
epidermis filled with granules of keratohyalin. 
stratum lucidum (lu sid-tím) [L., layer + lucidus, 
elear] Clear layer of the epidermis found in thiek 
skin between the stratum granulosum and the 
stramm corneum. 

stratum spinosum (spl'nós-um) [L., layer + spina, 
spine] Layer of many-sided eells in the epidermis 
with intercellular eonneetions (desmosomes) that give 
the eells a spiny appearanee. 
stria; pl. striae (strl'à, strì'è) [L., ehannel] Line or 
streak in the skin that is a different texture or eolor 
from the surrounding skin; also ealled streteh mark. 
striated (stri'àt-èd) [L., striatus, furrowed] Striped; 

marked by stripes or bands. 
stroke vohrnie (SV) [L., volumen, something rolled 
up, seroll, from volvo, to roll] Volume of blood 
pumped out of one ventriele of the heart in a single 
beat. 

structural gene Gene that determines the stmemre of 
a speeifie protein or peptide. 
sty (stl) Inflamed eiliary gland of the eye. 
subcutaneous (sub'-koo-tà'nè-us) [L., sub, under + 
cutis, skin] Under the skin; same tissue as the 
hypodermis. 

sublingual gland (sub-ling'gwàl) One of two salivary 
glands in the floor of the mouth beneath the tongue. 
submandibular gland (sub-man-dib'u-làr) One of 
two salivary glands in the neek, loeated in the spaee 
bounded by the two bellies of the digastrie muscle 
and the angle of the mandible. 
submucosa (sub-moo-kó'sà) Layer of tissue beneath a 
mucous membrane. 

submucosal plexus (sub-mu-kó'sàl) [L., a 
braid] Gangliated plexus of unmyelinated nerve 
fibers in the intestinal submucosa. 


substantia nigra (sub-stan'shè-à nì'grà) [L., 
substance; blaek] Blaek nuclear mass in the 
midbrain; involved in eoordinating movement and 
maintaining muscle tone. 

subthreshold stimulus Stimulus resulting in a loeal 
potential so small that it does not reaeh threshold and 
produce an aetion potential. 
sucrose (soo'krós) Disaeeharide eomposed of glucose 
and fructose; table sugar. 
sulcus; pl. sulci (sool'ktis, shl'sl) [L., furrow or 
diteh] Furrow or groove on the surface of the brain 
between the gyri; may also refer to a fissure. 
superficial inguinal ring (ing'gwi-nàl) Slitlike 
opening in the aponeurosis of the external oblique 
muscle of the abdominal wall through which the 
spermatie eord (round ligament in the female) emerges 
from the inguinal eanal. 

superior colliculus (ko-lik'u-lus) [L., eollis, hill] One 
of two rounded eminenees of the midbrain; aids in 
eoordination of eye movements. 
superior vena eava (vè'nà eà'và) Vein that returns 
blood from the head and neek, upper limbs, and 
thorax to the right atrium. 
supination (soo'pi-na shun) [L., supino, to bend 
baekvvard, plaee on baek] Rotation of the forearm 
(when the forearm is parallel to the ground) so that 
the anterior surface is up (supine). 
supramaximal stimulus Stimulus of greater 
magnitude than a maximal stimulus; however, the 
frequency of aetion potentials is not inereased above 
that produced by a maximal stimulus. 
suppressor T eell Subset of T lymphoeytes that 
deereases the aetivity of B eells and T eells. 
surfactant (ser-fak'tànt) Lipoproteins forming a 
monomolecular layer over pulmonary alveolar 
surfaces; stabilizes alveolar volume by reducing 
surface tension and the tendeney for the alveoli to 
eollapse. 

suspension (sus-pen'shun) Liquid through which a 
solid is dispersed and from which the solid separates 
unless the liquid is kept in motion. 
suspensory ligament (sus-pen'sò-rè) Band of 
peritoneum that extends from the ovary to the body 
wall; eontains the ovarian vessels and nerves. Small 
ligament attaehed to the margin of the lens in the 
eye and the eiliary body to hold the lens in plaee. 
suture (soo'ehoor) [L., sutura, a seam] Junction 
between flat bones of the skull. 
sweat (swet) [A.S., swat\ Perspiration; seeretions 
produced by the sweat glands of the skin; also ealled 
sensible perspiration. 

sweat gland Usually means structure that produces a 
watery seeretion ealled sweat. Some sweat glands, 
however, produce viscous organie seeretions. Also 
ealled sudoriferous gland. 
sympathetie ehain ganglion (sim-pà-thet'ik) 
Collection of sympathetie postganglionie neurons 
that are eonneeted to eaeh other to form a ehain 
along both sides of the spinal eord; also ealled 
paravertebral ganglion. 

sympathetie division Subdivision of the autonomic 
division of the nervous system eharaeterized by 
having the eell bodies of its preganglionie neurons 
loeated in the thoraeie and upper lumbar regions of 
the spinal eord (thoracolumbar division); usually 
involved in preparing the body for physieal aetivity; 
also ealled thoracolumbar division. 
symphysis; pl. symphyses (sim'fi-sis, sim'fa-sèz) [Gr., 
a growing together] Fibroeartilage joint between two 
bones. 

synapse; pl. synapses (sin'aps, sì-naps', sì-nap'sèz) 

[Gr., syn, together + haptein, to elasp] Functional 


membrane-to-membrane eontaet of a nerve eell with 
another nerve eell, muscle eell, gland eell, or sensory 
reeeptor; fimetions in the transmission of aetion 
potentials from one eell to another; also ealled 
neuromuscular junction. 
synaptie eleft (si-nap'tik) Spaee between the 
presynaptie and the postsynaptie membranes. 
synaptie fatigue Fatigue due to depletion of 
neurotransmitter vesieles in the presynaptie terminals. 
synaptie vesiele Seeretory vesiele in the presynaptie 
terminal eontaining neurotransmitter substances. 
synehondrosis; pl. synehondroses (sin'kon-dró'sis, 
-sèz) [Gr., syn, together + ehondros, eartilage + osis, 
eondition] Union between two bones formed by 
hyaline eartilage. 

syneytiotrophoblast (sin-sish'è-ò-trò'fò-blast) Outer 
layer of the trophoblast eomposed of multinucleated 
eells. 

syndesmosis; pl. syndesmoses (sin'dez-mó'sis, 
sin'dez-mó'sèz) [Gr., syndeo, to bind + osis, 
eondition] Form of fibrous joint in which opposing 
surfaces that are some distanee apart are united by 
ligaments. 

synergist (sin'er-jist) Muscle that works with other 
muscles to cause a movement. 
synovial (si-nò'vè-àl) [Gr., syn, together + oon, egg] 
Relating to or eontaining synovia (a substance that 
serves as a lubricant in a joint, tendon sheath, or bursa). 
synovial fluid Slippery fluid found inside synovial 
joints and bursae; produced by the synovial 
membranes. 

systemie inflammation (sis-tem'ik) Inflammation 
that occurs in many areas of the body. In addition to 
symptoms of loeal inflammation, inereased 
neutrophil numbers in the blood, fever, and shoek 
ean occur. 

systole (sis'tò-lè) [Gr., systole, a eontraeting] 
Contraction of the heart ehambers during which 
blood leaves the ehambers; usually refers to 
ventricular eontraetion. 

T 

T eell Thymus-derived lymphoeyte of immunologic 
importanee; it is of long life and is responsible for 
eell-mediated immunity. 

T tubule (tu'bul) Tubelike invagination of the 
sareolemma that conducts aetion potentials toward 
the eenter of the eylindrieal muscle fibers. 

T wave Defleetion in an eleetroeardiogram following 
the QRS complex, representing ventricular 
repolarization. 

taetile corpuscle (tak'til) Oval reeeptor found in the 
papillae of the dermis; responsible for fine, 
diseriminative touch; also ealled Meissner corpuscle. 
taetile disk Cuplike reeeptor found in the epidermis; 
responsible for light touch and superficial pressure; 
also ealled Merkel’s disk. 
talus (tà'líis) [L., ankle bone, heel] Tarsal bone 
contributing to the ankle. 
target tissue Tissue on which a hormone aets. 
tarsal bone (tar'sàl) [Gr., tarsos, sole of foot] One of 
seven ankle bones. 

tarsal plate (tar'sàl) Crescent-shaped layer of 
eonneetive tissue that helps maintain the shape of the 
eyelid. 

taste (tàst) Sensations ereated when a ehemieal 
stimulus is applied to the taste reeeptors in the 
tongue. 

taste bud Sensory structure, mostly on the tongue, 
that fimetions as a taste reeeptor. 
tectum (tek'tiim) Roof of the midbrain. 
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tegmentum (teg-men'tum) Floor of the midbrain. 
teleneephalon (tel-en-sef'à-lon) [Gr., telos, end + 
enkephalos, brain] Anterior division of the 
embryonie brain from which the eerebral 
hemispheres develop. 

telophase (teFò-fáz) Time during eell division when 
the ehromosomes are pulled by spindle fibers away 
from the eell equator and into the two halves of the 
dividing eell. 

temporal summation (tem'pó-ràl) Summation of the 
loeal potential that results when two or more aetion 
potentials arrive at a single synapse in rapid 
succession. 

tendon (ten'dón) Band or eord of dense eonneetive 
tissue that eonneets a muscle to a bone or another 
structure. 

tensor tympani (ten'sór tim'pa-nì) Small skeletal 
muscle attaehed to the malleus. 
tentorium eerebelli (ten-t5'rè-um ser'é-bel'l) Dural 
folds between the eerebmm and the cerebellum. 
terminal bouton (bti-ton') [Fr., button] Enlarged axon 
terminal or presynaptie terminal. 
terminal eisterna (sis-ter'nà) [L., terminus, limit + 
eista, box] Enlarged end of the sareoplasmie reticulum 
in the area of the T tubules. 

terminal hair [L., terminus, a boundary, limit] Long, 
eoarse, usually pigmented hair found in the sealp, 
eyebrows, and eyelids and replaeing vellus hair. 
terminal sulcus (su.l'kus) [L., furrow or diteh] 
V-shaped groove on the surface of the tongue at the 
posterior margin. 

testis; pl. testes (tes'tis, tes'téz) One of two male 
reproductive glands loeated in the scrotum; produces 
spermatozoa, testosterone, and inhibin. 
testosterone (tes-tos'té-ròn) Steroid hormone seereted 
primarily by the testes; aids in spermatogenesis, 
maintenanee and development of male reproductive 
organs, seeondary sexual eharaeteristies, and sexual 
behavior. 

tetraiodothyronine (T 4 ) (tet'rà-ì-ó'dó-thl'ró-nèn) 
One of the iodine-eontaining thyroid hormones; also 
ealled thyroxine. 

thalamus (thal'à-mus) [Gr., thalamos, bed, bedroom] 
Large mass of gray matter that forms the larger dorsal 
subdivision of the dieneephalon. 
theea (thè'kà) [Gr., theke, box] Sheath or capsule. 
theea externa External fibrous layer of the theea of a 
vesicular folliele. 

theea interna Inner vascular layer of the theea of the 
seeondary and mature folliele; produces estrogen and 
contributes to the formation of the corpus luteum 
after ovulation. 

thenar eminenee (thè'nar) [Gr., palm of the hand] 
Lleshy mass of tissue at the base of the thumb; 
eontains muscles responsible for thumb movements. 
thiek skin Skin in the palms, soles, and tips of the 
digits; has all five epidermal strata. 
thin skin Skin over most of the body, usually without 
a stratum lucidum; has fewer layers of eells than thiek 
skin. 

thoraeie eavity (thò-ras'ik) Spaee within the thoraeie 
walls, bounded below by the diaphragm and above by 
the neek. 

thoraeie duct Largest lymph vessel in the body, 
beginning at the eisterna ehyli and emptying into the 
lefit subclavian vein; drains the left side of the head 
and neek, the left-upper thorax, the left-upper limb, 
and the inferior half of the body. 
thoracolumbar division (thòr'à-kò-lum'bar) See 
sympathetie division. 

thoroughfare ehannel Channel for blood through a 
eapillary bed from an arteriole to a venule. 


threshold potential (thresh'òld) Value of the 
membrane potential at which an aetion potential is 
produced as a result of depolarization in response to a 
stimulus. 

threshold stimulus Stimulus resulting in a loeal 
potential just large enough to reaeh threshold and 
produce an aetion potential. 
thromboeyte (throm'bò-sìt) Platelet. 
thromboeytopenia (throm' bò-sì' tò-pè' nè-à) 
[thromboeyte + Gr., penia, poverty] Condition in 
which there is an abnormally small number of 
platelets in the blood. 

thromboxane (throm-bok'sàn) Speeifie elass of 
physiologieally aetive fatty aeid derivatives present in 
many tissues. 

thrombus; pl. thrombi (throm'btís, throm'bl) 

[Gr., thrombos, a elot] Clot in the cardiovascular 
system formed from constituents of blood; may be 
occlusive or attaehed to the vessel or heart wall 
without obstmeting the lumen. 
thymus (thl'mtís) [Gr., thymos, sweetbread] Bilobed 
lymph organ loeated in the inferior neek and superior 
mediastinum; seeretes the hormone thymosin. 
thyroid eartilage (thl' royd) Largest laryngeal 
eartilage. It forms the laryngeal prominenee, or 
Adam’s apple. 

thyroid gland [Gr., thyreoeides, shield] Endoerine 
gland loeated inferior to the larynx and eonsisting of 
two lobes eonneeted by the isthmus; seeretes the 
thyroid hormones triiodothyronine (T 3 ) and 
tetraiodothyronine (T 4 ). 

thyroid-stimulating hormone (TSH) Glyeoprotein 
hormone released from the hypothalamus; stimulates 
thyroid hormone seeretion from the thyroid gland; 
also ealled thyrotropin. 

thyrotropin (thl-rot'rò-pin, thl-rò-trò'pin) See 
thyroid-stimulating hormone (TSH). 
thyroxine (thi-rok'sèn, thi-rok'sin) See 
tetraiodothyronine. 

tidal volume (tì'dàl) Volume of air that is inspired or 
expired in a single breath during regular, quiet 
breathing. 

tissue repair (tish'ti) Substitution of viable eells for 
damaged or dead eells by regeneration or 
replaeement. 

toleranee (tol'er-àns) Lailure of the speeifie immune 
system to respond to an antigen. 
tongue (tung) Muscular organ occupying most of the 
oral eavity when the mouth is elosed; major 
attaehment is through its posterior portion. 
tonieity (tò-nis'ì-tè) [Gr., tonos, tone] Osmotie 
pressure or tension of a solution, usually relative to 
that of blood; a state of continuous aetivity or tension 
caused by muscle eontraetion beyond the tension 
related to physieal properties of muscle. 
tonsil; pl. tonsils (ton'sil, ton'silz) [L., tonsilla, stake] 
Collection of lymphoid tissue; usually refers to a large 
eolleetion of lymphatie tissue beneath the mucous 
membrane of the oral eavity and pharynx; lingual, 
pharyngeal, and palatine tonsils. 
total lung eapaeity Volume of air eontained in the 
lungs at the end of a maximum inspiration; equals vital 
eapaeity plus residual volume. 
total tension Sum of aetive and passive tension. 
trabecula; pl. trabeculae (trà-bek'u-là, trà-bek'u-lè) 
[L., trabs, beam] One of the supporting bundles of 
fibers traversing the substance of a structure, usually 
derived from the capsule or one of the fibrous septa, 
such as trabeculae of lymph nodes, testes; a beam or 
plate of cancellous bone. 

traehea (trà'kè-à) [Gr., traeheia arteria, rough artery] 

Air tube extending from the larynx into the thorax, 


where it divides to form the bronehi; eomposed of 
16-20 rings of hyaline eartilage. 
traeheostomy (tra'ke-os'to-me) [ traeheo, traehea + 

Gr., stoma, mouth] Operation to make an opening 
into the traehea; usually the opening is intended to 
be permanent, and a tube is inserted into the traehea 
to allow airflow. 

traeheotomy (tra'ke-ot'o-me) [ traeheo, traehea + 

Gr., tome, ineision] Aet of cutting into the traehea. 
transeription (tran-skrip'shun) Proeess of forming 
RNA from a DNA template. 
transfer RNA (tRNA) RNA that attaehes to 
individual amino aeids and transports them to the 
ribosomes, where they are eonneeted to form a 
protein polypeptide ehain. 

transfiision (trans-fià'zhun) [L., trans, aeross + fundo, 
to pour from one vessel to another] Transfer of blood 
from one person to another. 
transitional epithelium (tran-sish'un-àl) Stratified 
epithelium that may be either cuboidal or 
squamouslike, depending on the presenee or 
absenee of fluid in the organ (as in the urinary 
bladder). 

translation (trans-lashtin) Synthesis of polypeptide 
ehains at the ribosome in response to information 
eontained in mRNA molecules. 
transverse eolon (trans-vers'kò'lon) Part of the eolon 
between the right and left eolie flexures. 
transverse mesoeolon (mez'ò-kò'lon) Fold of 
peritoneum attaehing the transverse eolon to the 
posterior abdominal wall. 

transverse (T) tubule [L., tubus, tube] Tubule that 
extends from the sareolemma to a myofibril of 
striated muscles. 

treppe (trep'eh) [Ger., stairease] Series of successively 
stronger eontraetions that occur when a rested muscle 
fiber reeeives elosely spaeed stimuli of the same 
strength but with a sufficient stimulus interval to 
allow eomplete relaxation of the fiber between 
stimuli. 

triaeylglyeerol (tri -as' il-glis' er-ol) See triglyeeride. 
triad (trì'ad) Two terminal eisternae and aT tubule 
between them. 

tricuspid valve (trì-kus'pid) Valve elosing the orifiee 
between the right atrium and the right ventriele of 
the heart. 

triglyeeride (tri-glis' er-id) ihree-earbon glyeerol 
molecule with a fatty aeid attaehed to eaeh earbon; 
constitute approximately 95 % of the fats in the 
human body. Also ealled triaeylglyeerol. 
trigone (trl'gòn) [Gr., trigonon, triangle] Triangular, 
smooth area at the base of the bladder between the 
openings of the two ureters and that of the urethra. 
triiodothyronine (T 3 ) (trì-ì'ò-dò-thl'rò-nèn) One of 
the iodine-eontaining thyroid hormones. 
troehlea (trok'lè-à) [L., pulley] Structure shaped like 
or serving as a pulley or spool. 
troehlear nerve (trok'lè-ar) [L., troehlea, pulley] 
Cranial nerve IV, to the muscle (superior oblique) 
turning around a pulley. 

trophoblast (trof'ò-blast) [Gr., trophe, nourishment + 
blastos, germ] Cell layer forming the outer layer of 
the blastoeyst, which erodes the uterine mucosa 
during implantation; the trophoblast does not 
beeome part of the embryo but contributes to the 
formation of the plaeenta. 
tropomyosin (trò-pò-mì'ò-sin) Fibrous protein 
found as a eomponent of the aetin myofilament. 
troponin (trò'pò-nin) Globular protein eomponent 
of the aetin myofilament. 

true pelvis Portion of the pelvis inferior to the pelvie 
brim. 
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true rib (ver-té'bró-ster'nàl) Rib that attaehes by an 
independent eostal eartilage direetly to the sternum; 
also ealled vertebrosternal rib. 
trypsin (trip'sin) Proteolytie enzyme formed in the 
small intestine from the inaetive panereatie precursor 
trypsinogen. 

tubercle (too'ber-kl) Lump on a bone. 
tubular load (too'bu-làr) Amount of a substance per 
minute that erosses the filtration membrane into 
Bowmans capsule. 

tubular maximum Maximum rate of seeretion or 
reabsorption of a substance by the renal tubules. 
tubular reabsorption Movement of materials, by 
means of diffiision, aetive transport, or symport, from 
the filtrate within a nephron to the blood. 
tubular seeretion Movement of materials, by means of 
aetive transport, from the blood into the filtrate of a 
nephron. 

tumor (too'mòr) Any swelling or growth; a neoplasm. 
tunic (too'nik) [L., eoat] One of the enveloping layers 
of a part; one of the eoats of a blood vessel; one of the 
eoats of the eye; one of the eoats of the digestive traet. 
tunica adventitia (too'ni-kà ad-ven- 
tish' á) Outermost fibrous eoat of a vessel or an 
organ that is derived from the surrounding 
eonneetive tissue. 

tunica albuginea (al-bu-jin'è-à) Dense, white, 
collagenous tunic surrounding a structure, such as the 
capsule around the testis. 

tunica intima (in'ti-mà) Innermost eoat of a blood 
vessel; eonsists of endothelium, a lamina propria, and 
an inner elastie membrane. 
tunica media Middle, usually muscular, eoat of an 
artery or another tubular structure. 
turbulent flow Flow eharaeterized by eddy currents 
exhibiting nonparallel blood flow. 
tympanie membrane (tim-pan'ik) Eardmm; cellular 
membrane that separates the external from the 
middle ear; vibrates in response to sound waves. 

U 

unipolar neuron (oo-ni-pó'lar) One of the three 
eategories of neurons eonsisting of a nerve eell body 
with a single axon projeeting from it; also ealled a 
pseudounipolar neuron. 

unmyelinated axon (un-mì'é-li-nà-ted) Nerve fibers 
laeking a myelin sheath. 

unsaturated (un-sach'ur-àt-ed) Oarbon ehain of a 
fatty aeid that possesses one or more double or triple 
bonds. 

upper respiratory traet Nasal eavity, pharynx, and 
assoeiated structures. 

up-regulation inerease in the eoneentration of 
reeeptors in response to a signal. 
ureter (u-rè'ter, u'rè-ter) [Gr., onreter, urinary eanal] 
Tube conducting urine from the kidney to the 
urinary bladder. 

urethral gland (u-rè'thràl) One of numerous mucous 
glands in the wall of the spongy urethra in the male. 
urogenital triangle Anterior portion of the perineal 
region eontaining the openings of the urethra and 
vagina in the female and the urethra and root 
structures of the penis in the male. 
uterine eyele (u'ter-in, u'ter-In) Series of events that 
occur in a regular fashion in the uterus of sexually 
mature, nonpregnant females; prepares the uterine 
lining for implantation of the embryo. 
uterine part Portion of the uterine tube that passes 
through the wall of the uterus. 
uterine tube One of the tubes leading on eaeh side from 
the uterus to the ovary; eonsists of the infundibulum, 


ampulla, isthmus, and uterine parts; also ealled 
fallopian tube or oviduct. 

uterus (u ter-us) Hollow, muscular organ in which the 
fertilized ovum develops into a fetus. 

utricle (oo'tri-kl) Part of the membranous labyrinth; 
eontains a sensory structure, the macula, that deteets 
statie equilibrium. 

uvula (u'vu-là) [L., uva, grape] Small, grapelike 
appendage at the posterior margin of the soft palate. 


V 

vaeeination (vak'si-na shun) Deliberate introduction of 
an antigen into a subject to stimulate the immune 
system and produce immunity to the antigen. 
vaeeine (vak'sèn, vak-sèn') [L., vaeeiniis, relating to a 
cow] Preparation of killed mierobes, altered 
mierobes, or derivatives of mierobes or mierobial 
products intended to produce immunity. The method 
of administration is usually inoculation, but ingestion 
is preferred in some instanees, and nasal spray is used 
oeeasionally. 

vagina (và-jl'nà) [L., sheath] Genital eanal in the 
female, extending from the uterus to the vulva. 
vapor pressure Partial pressure exerted by water vapor. 
variable region Part of an antibody that eombines 
with an antigen. 

vas deferens (vas def er-enz) See ductus deferens. 
vasa reeta (và'sà rek'tà) Speeialized eapillary that 
extends from the cortex of the kidney into the 
medulla and then baek to the cortex. 
vasavasomm (và'sor-um) [L., vessel, dish] Small 
vessels distributed to the outer and middle eoats of 
larger blood vessels. 

vascular layer (vas'ku-làr) Middle layer of the eye; 

eontains many blood vessels. 
vasoeonstrietion (và'só-kon-strik'shun, vas'ó-kon- 
strik'shtin) Deereased diameter of blood vessels. 
vasodilation (và'só-dì-là'shiin) inereased diameter of 
blood vessels. 

vasomotion (và-só-mó'shìin) Periodie eontraetion 
and relaxation of the preeapillary sphineter, resulting 
in eyelie blood flow through eapillaries. 
vasomotor eenter (và-só-mó'ter, vas-ó-mó'ter) Area 
within the medulla oblongata that regulates the 
diameter of blood vessels by way of the sympathetie 
nervous system. 

vasomotor tone Relatively eonstant frequency of 
sympathetie impulses that keep blood vessels partially 
eonstrieted in the periphery. 
vasopressin (và-só-pres'in, vas-ó-pres'in) See 
antidiuretic hormone. 

vellus hair (vel'òs) [L., fleeee] Short, fine, usually 
unpigmented hair that eovers the body except for the 
sealp, eyebrows, and eyelids. Much of the vellus is 
replaeed at puberty by terminal hairs. 
venous eapillary (vè'ntís) Capillary opening into a 
venule. 

venous return Volume of blood returning to the 
heart. 

venous sinus Endothelium-lined venous ehannel in the 
dura mater that reeeives eerebrospinal fluid from the 
araehnoid granulations. 

ventilation (ven-ti-là'shun) [L., ventus, the wind] 
Movement of gases into and out of the lungs. 
ventral root (ven'tràl) Motor (efferent) root of a 
spinal nerve. 

ventriele (ven'tri-kl) [L., venter, belly] Chamber of 
the heart that pumps blood into arteries (i.e., the left 
and right ventrieles); in the brain, a fluid-filled eavity. 
ventricular diastole (ven-trik'u-làr) Dilation of the 
heart ventrieles. 


ventricular systole Contraction of the ventrieles. 
venule (ven'ool, vè'nool) Minute vein, eonsisting of 
endothelium and a few seattered smooth muscles, that 
earries blood away from eapillaries. 
vermiform appendix (ver'mi-fórm) [L., vermis, worm 
+ forma, form; appendage] Wormlike sae extending 
from the blind end of the cecum. 
vesiele (ves'i-kl) [L., vesiea, bladder] Small sae 
eontaining a liquid or gas, such as a blister in the skin 
or an intracellular, membrane-bounded sae. 
vestibular fold (ves-tib' u-làr) One of two folds of 
mucous membrane stretehing aeross the laryngeal 
eavity from the angle of the thyroid eartilage to the 
arytenoid eartilage superior to the voeal eords; helps 
elose the glottis; also ealled false voeal eord. 
vestibular membrane Membrane separating the 
eoehlear duct and the seala vestibuli. 
vestibule (ves'ti-bool) [L., anteehamber, entranee 
court] Anterior part of the nasal eavity just inside the 
external nares that is enelosed by eartilage; spaee 
between the lips and the alveolar proeesses and teeth; 
middle region of the inner ear eontaining the utricle 
and saccule; spaee behind the labia minora 
eontaining the openings of the vagina, urethra, and 
vestibular glands. 

vestibulocochlear nerve (ves-tib'u-lò-kok'lè-àr) 

Nerve formed by the eoehlear and vestibular nerves; 
extends to the brain. 

villus; pl. villi (vil'òs, vil'ì) [L., shaggy hair (of beasts)] 
Projeetion of the mucous membrane of the intestine; 
leaf-shaped in the duodenum; beeomes shorter, more 
finger-shaped, and sparser in the ileum. 
viseeral (vis'er-àl) Relating to the internal organs. 
viseeral pericardium (per'i-kar'dè-um) Serous 
membrane eovering the surface of the heart; also 
ealled epicardium. 

viseeral peritoneum (per'i-tó-nè'um) [Gr., periteino, 
to streteh over] Layer of peritoneum eovering the 
abdominal organs. 

viseeral pleura (vis'er-àl pltir'à) Serous membrane 
investing the lungs and dipping into the fissures 
between the several lobes. 

viseeroreeeptor (vis'er-ó-rè-sep'tòr) Sensory reeeptor 
assoeiated with the organs. 

viseosity (vis-kos'i-tè) [L., viseosns, viscous] Resistanee to 
flow or alteration of shape by any substance as a result 
of molecular eohesion. 

visual cortex (vizh'oo-àl) Area in the oeeipital lobe of 
the eerebral cortex that integrates visual information 
and produces the sensation of vision. 
visual field Area of vision for eaeh eye. 
vital eapaeity (vlt-àl) Greatest volume of air that ean 
be exhaled from the lungs after a maximum 
inspiration. 

vitamin (vlt'à-min) [L., vita, life + amine] Oneofa 
group of organie substances present in minute 
amounts in natural foodstuffs that are essential to 
normal metabolism; insufficient amounts in the diet 
may cause defieieney diseases. 
vitamin D Lat-soluble vitamin produced from 
precursor moleailes in skin exposed to ultraviolet 
light; inereases calcium and phosphate uptake from 
the intestines. 

vitreous humor (vit'rè-us) Transparent, jellylike 
material that fills the spaee between the lens and the 
retina. 

Volkmann’s eanal Named for German surgeon 
Riehard Volkmann (1830-1889). Canal in bone 
eontaining blood vessels; not surrounded by lamellae; 
runs perpendicular to the long axis of the bone and 
the haversian eanals, intereonneeting the latter with 
eaeh other and the exterior circulation. 
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vulva (vul'và) [L., wrapper or eovering, seed eovering, 
womb] External genitalia of the female, eomposed of 
the mons pubis, the labia majora and minora, the 
elitoris, the vestibule of the vagina and its glands, and 
the opening of the urethra and of the vagina. Also 
ealled pudendum. 

W 

water-soluble vitamin Vitamin, such as B complex 
and C, that is absorbed with water from the intestinal 
traet. 

white matter Bundles of parallel axons with their 
assoeiated sheath in the eentral nervous system. 

white pulp Part of the spleen eonsisting of lymphatie 
nodules and diffuse lymphatie tissue; assoeiated with 
arteries. 

white ramus communicans; pl. rami eomimmieantes 

(rà'miis kò-mu ni-kans, rà'mi kó-mu-nl-kanhéz) 
Connection between a spinal nerve and a sympathetie 
ehain ganglion through which myelinated 
preganglionie axons projeet. 

wisdom tooth Ihird molar tooth on eaeh side in eaeh 
jaw. 


X 

xiphoid (zi'foyd) [Gr., xiphos, sword] Sword-shaped, 
with speeial referenee to the sword tip; the inferior 
part of the sternum. 

X-linked Gene loeated on an X ehromosome. 


Y 

yellow marrow (mar'o) Connective tissue filling the 
eavities of bones; eonsists primarily of reticular fibers 
and fat eells; replaees red marrow in long bones and 
the skull. 

Y-linked Gene loeated on a Y ehromosome. 

yolk sae (yók, yòlk) Highly vascular layer surrounding 
the yolk of an embryo. 

Z 

Z disk Delieate, membranelike structure found at eaeh 
end of a sareomere to which aetin myofilaments 
attaeh. 

zona fasciculata (zó'nà fa-sik'u-là'tà) [L., zone, a 
girdle, one of the zones of the sphere] Middle layer of 
the adrenal cortex that seeretes eortisol. 


zona glomemlosa (gl5-màr-u-lós-à) Outer layer of 
the adrenal cortex that seeretes aldosterone. 
zona pellucida (pe-lusí-dà) Layer of viscous fluid 
surrounding the ooeyte. 

zona reticularis (rè-tik'u-lar'is) Inner layer of the 
adrenal cortex that seeretes androgens and estrogens. 
zonula adherens (zò'nu-là ad-her'enz) [L., a small 
zone; adhering] Small zone holding or adhering eells 
together. 

zonula occludens (ó-klud'enz) [L., occluding] 
Junction between eells in which the plasma 
membranes may be fused; occludes or bloeks off the 
spaee between the eells. 

zygomatie (zl-gò-mat'ik) [Gr., zygon, yoke] Yoking or 
joining; bony areh ereated by the junction of the 
zygomatie and temporal bones. 
zygote (zl'gòt) [Gr., zygotos, yoked] Diploid eell 
resulting from the union of a sperm eell and an 
ooeyte. 
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479-80, 482, 838 
Abortion, 800 
Abmptio plaeenta, 814 
Absolute refraetory period, 

281, 501-2 

Absorption of nutrients, 675-81 
Absorptive eells, 661, 673 
Absorptive state, 711, 711/ 

Abstinenee, 798 

Aeeeptable Macronutrient Distribution 

Range (AMDR), 693, 694 


Aeeessory glands, of male reproductive 

system, 779-80 

Aeeessory hemiazygos vein, 541, 542/ 
Aeeessory (CN XI) nerve 
disorders of, 335 1 

foramen or fissure of, 158/, 335 1 

fimetions of, 329, 335 1 
origin of, 329, 330/ 

Aeeessory panereatie duct, 668/ 

670, 670/ 

Aeeommodation (adaptation), 344, 372 
Aeeommodation (eye), 380, 380/ 

ACE (angiotensin-eonverting enzyme), 

557, 558/740 

ACE (angiotensin-eonverting enzyme) 

inhibitors, 559 
Acetabular labmm, 188 
Acetabular noteh, 173/ 

Acetabulum, 172, 172/ 173/ 

Aeetie aeid, 207/ 208 
Aeetoaeetie aeid, 454, 707 
Aeetone, 454, 707 

Aeetyleholine (ACh) 
autonomic seeretion of, 413 
in digestion, 658 
disorders involving, 288 1 
in penile ereetion, 784, 784/ 
reeeptors for, 413—15, 415 f 
in skeletal muscle eontraetion, 204, 

204/207/207-8, 212 

in smooth muscle eontraetion, 221 
stmemre and fimetion, 288 1 

Aeetyleholinesterase, 207/ 207-8, 287 
Acetyl-CoA formation, 704, 705/ 707í 
ACh. See Aeetyleholine 
Aehilles (ealeaneal) tendon, 191/ 

262, 262/ 

Aehondroplasia, 138, 439, 841 1 
Aehondroplastie dwarfism, 138, 439 
Aeid(s), 31, 755. See also speeifie aeids 
Aeid-base balanee 
buffer systems in, 32, 32/ 
disorders of, 760-61 

regnlation of, 722, 755-63, 757/ 

Aeidie solutions, 31, 32/ 

Aeidosis, 31, 708, 760-61 
Aeinar eells, 670/ 

Aeini, 86, 453, 454/ 670, 670/ 

Aene, 115 

Acoustic (auditory) meatus 

external, 153, 153/ 158/, 187/390/ 
internal, 158/, 159, 159/ 

Acquired immunity, 598-99 
Acquired immunodeficiency syndrome 

(AIDS), 596-97 


Aeromegaly, 138, 439 

Aeromial (lateral) end of elaviele, 

167, 168/ 

Aeromial region, 13/ 
Acromioclavicular joint, 182 1 
Aeromion, 166/ 167, 168/ 170/ 187/ 
Aerosome, 774/ 776, 809 
ACTH (adrenoeortieotropie hormone) 
fimetions of, 440/, 450/ 450—52 

during labor, 830, 831/ 

Aetin, 34í 

Aetin filaments (mierofilaments), 48/, 

58, 58/ 

Aetinie keratosis, 119 
Aetin myofilaments 

in eardiae muscle, 499 

eross-bridge movement, 200f—2\0fi 

209-11 

fimetion of, 202-4, 203/ 

in smooth muscle, 221, 221/ 
structure of, 58, 200, 201/ 202/ 
Aetion (muscle), 230 
Aetion potential(s), 273-85 
all-or-none prineiple, 206, 212, 279, 

427-28 

in eardiae muscle, 224, 500—501, 

502/ 503, 503/ 

eharaeteristies of, 279, 279 1 
definition of, 95, 268, 273, 278 
in digestive system, 658, 674, 674/ 
in ear, 392, 394/ 396, 399 
in eye, 378, 379, 384 

frequency, 282, 282/ 
fimetions of, 273—74 
in male sexual fimetion, 

783-84, 784/ 

in nervous system organization, 

269, 269/ 

in olfaetory epithelium, 370 
phases of, 278-81, 279/ 280/ 

propagation of, 282-85, 283/ 284/ 
294, 294/ 

in skeletal muscle, 204-7, 205/ 
209/-210/212, 502/ 

in smooth muscle, 221, 222 
in taste eells, 371 

in urinary system, 744-45, 745/ 
Aetivated platelets, 476 
Aetivation energy, 39/ 39-40 
Aetivation gates, 279-81, 280/ 

Aetive artifieial immunity, 598-99 
Aetive imnmnity, 598 
Aetive natural immunity, 598 
Aetive site, 200, 201/ 209/ 210/ 
Aetive transport, 54-55 


Acute contagious conjunctivitis 

(pinkeye), 374 

Acute glomerular nephritis, 729 

Acute renal failure, 746 

Adam’s apple (thyroid eartilage), 238/ 

608/610, 610/611/ 
Adaptation (aeeommodation), 

344, 372 

Adaptation (eye), 382 
Adaptive immunity, 584-94 
antibody-mediated, 584, 586, 
587-92 

eell-mediated, 584, 592, 593/ 601 

deseribed, 576 

ways to acquire, 598/ 598-99 
Adaptive immunity eells, 

578-79, 579í 

ADD (attention-defieit disorder), 363 
Addison disease (ehronie adrenoeortieal 

insufficiency), 451 
Adduction, 183, 185/ 

Adductor brevis muscle 
aetion of, 25 8 1 , 260 1 
injury to, 259 
innervation of, 258 1 
insertion of, 258 1 
loeation of, 259/ 
origin of, 258 1 
Adductor longus muscle 
aetion of, 258 1, 260t 
injury to, 259 
innervation of, 25 8t 
insertion of, 25 8t 

loeation of, 257/ 259 f 

origin of, 2581 
Adductor magnus muscle 
aetion of, 258/, 260t 
injury to, 259 
innervation of, 258 1 
insertion of, 258 1 

loeation of, 257/ 259 f 

origin of, 258 1 
Adductor pollieis longus 

muscle, 313/ 

Adductor mberele, 175, 175/ 

Adenine, 40, 41/ 

Adenoeareinomas, 101 
Adenohypophysis. See Anterior 

pituitary 

Adenoideetomy, 572 
Adenoid tonsils, 572, 572/ 609 
Adenosine, 291 1 
Adenosine diphosphate (ADP) 

ATP synthesis from, 30, 30/ 
energy release from, 30, 30/ 
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in metabolism, 699 
in platelet aetivation, 476 
Adenosine monophosphate (AMP), 431 
Adenosine triphosphate (ATP) 
in eardiae muscle eontraetion, 

499-300 

deseribed, 29—31, 30 f 
production of, 64, 700f, 

700-707, 7071 

pumps powered by, 53 1, 54-56, 

55/ 56/ 

in skeletal muscle eontraetion, 200, 
209,210/211,216, 222 
sources of, 216/ 216—17, 692, 

699,699/ 

Adenosine triphosphate (ATP) 

synthase, 706 

Adenylate eyelase, 431, 432/ 

ADH. See Antidiuretic hormone 
ADHD (attention-deheit hyperaetivity 

disorder), 289 1, 363 
Adhesion belts, 85, 85/ 

Adipoeytes (adipose eells), 87 
Adipose tissue 
in breasts, 792, 793/ 

elassifieation of, 88/ 
in fetus, 829 
in kidneys, 722, 723/ 

obesity and, 714-15 

structure and fimetion, 88, 89/, 

456, 707 

subcutaneous, 107, 113 
ADP. See Adenosine diphosphate 
Adrenal cortex 

disorders of, 451 
hormones of, 442/, 449—51, 

450/ 559 

prenatal development of, 823 

structure of, 447, 448/ 

Adrenal glands, 447—53 
disorders of, 451 
hormones of, 442/, 447—51, 559 

innervation of, 410 

loeation of, 426/ 446, 448/ 723/ 

prenatal development of, 823 

structure of, 446-47, 448/ 

Adrenaline. See Epinephrine 
Adrenal medulla 
blood pressure regulation by, 

556, 556/ 

hormones of, 442, 447—49, 449/ 

prenatal development of, 823 
structure and fimetion, 410, 

446, 448/ 

Adrenal medullary meehanism, 514 

Adrenal tumors, 449 
Adrenergie agents, 417 
Adrenergie neuron, 413 
Adrenergie reeeptors, 415, 417, 

418,513 

Adrenoeortieotropie hormone 

(ACTH) 

fiinetions of, 440/, 450/ 450—52 

during labor, 830, 831/ 
Adrenogenital syndrome, 451 


Adult respiratory distress syndrome 

(ARDS), 636 

“Adult riekets” (osteomalaeia), 138 

Adult stem eells, 99, 812—13 
Adventitia, 646 

Aerobie respiration (oxidative 

metabolism), 216/ 216-17, 

703-7, 704/ 

Afferent arterioles, 725, 727/ 728/ 
Afferent (sensory) division, 268—69, 

329. See also Sensory neurons 
Afferent lymphatie vessels, 573/ 574 
Afriean-Amerieans, bone mass in, 145 
After-diseharge, 294, 294/ 

Afterload, 512, 516 
Afterpotential, 279, 279/ 280/ 281 

Age-related macular degeneration 

(ARMD), 387/ 388 

Age spots, 120 

Agghitination, 479-80, 480/ 

Aging, effeets of 
on arteries, 526, 549 

on digestive system, 683 
on endoerine system, 458 
on heart, 516-17 
on immunity, 599, 601 
on integumentary system, 120, 362 
on joints, 191 

on lymphatie system, 576, 599, 601 
on muscular system, 220, 362 
on nervous system, 362-63 
on reproductive system, 800-801 
on respiratory system, 638 

on skeletal system, 143, 145 
on speeial senses, 380, 388, 401 
on tissues, 102 

on urinary system, 746-47 
Agonist(s) 
dmgs aeting as, 417 
for hormones, 429 
muscle aeting as, 230 
Agranulocytes, 474 
AHA (Ameriean Heart Assoeiation), 

476 

AIDS (acquired immunodeficiency 

syndrome), 596-97 
Airflow 

establishing, 613 
during ventilation, 619 
Air pressure, in middle ear, 390-91 
Airway hyperreaetivity, 616 

Alae, 163, 165 f 

Albinism 
definition of, 111 

eyes in, 377 

geneties of, 837, 837/ 838/ 841/ 
Albumin, 467, 729 
Aleohol, 735, 823 
Aleoholism, 290/, 709 

Aldosterone 

blood pressure regulation by, 559, 

560/ 561 

fimetions of, 442/, 449-50, 752/ 

potassium homeostasis and, 

753-54, 754/ 


seeretion of, 742 
urine production and, 733, 740, 
741-42, 742/ 

Aldosteronism, 451 
Alendronate (Fosamax), 141 
Alkaline solutions, 31, 32/ 

Alkalosis, 31, 760-61 
Allantois, 825, 826/ 

Alleles, 836-38 

Allelie variant, 838 

Allergy (hypersensitivity reaetion), 

578, 584, 596, 616 
All-or-none prineiple, 206, 212, 279, 

427-28 

Alpha (a)—adrenergie bloeking 

agents, 417 

Alpha (a)—adrenergie reeeptors, 418 
Alpha-1 antitrypsin (AAT) 

augmentation, 636 
Alpha-1 antitrypsin (AAT) 

defieieney, 636 

Alpha (a) eells, 453, 454/ 670/ 

Alpha (a) fetoprotein, 830 
Alpha-linolenie aeid, 694 
Alpha (a) subunit, 430—31, 431/ 432 f 
Alpha waves, 360, 361/ 

Alternate pathway, 581 
Alternative splieing, 68 
Alveolar bone, teeth in, 650, 650/ 
Alveolar ducts, 613, 614/ 615 
Alveolar nerves, 336 
Alveolar pressure, 619, 620 f 
Alveolar proeesses, 152/, 153/ 154 
Alveolar ventilation (Va), 624, 635 
Alveoli 

breast, 793, 793/ 

exocrine gland, 86 

lung, 80/, 82, 613, 614/ 615/ 

airfìow into and out of, 619 
pressure ehanges in, 619, 620 f 
volume ehanges, 621—22 
Alzheimer disease, 290/, 362 
Amaerine eells, 384 
AMDR (Aeeeptable Macronutrient 

Distribution Range), 693, 694 
Ameboid movement, 474 
Amenorrhea, 797 
Ameriean Heart Assoeiation 

(AHA), 476 
Amine group, 37, 37/ 

Amino aeids 
essential, 694 

metabolie states, 711, 711 f—712 / 
metabolism of, 708, 709/ 710/ 
as neurotransmitters, 289/—290/ 
nonessential, 694 
protein synthesis from, 34/, 37/ 

37-39,38/ 

structure of, 709/ 

transport of, 679, 679/ 733 
Ammonia, 666, 708, 710/ 756 
Ammonia buffer system, 756 
Ammonium, 25/, 756 
Amnioeentesis, 830, 830/ 842 
Amniotie eavity, 812/ 815 


Amniotie fluid, 815, 829, 830 

Amniotie sae (amnion), 812/ 815, 

815/829, 830 

AMP (adenosine monophosphate), 431 
Amphetamines, 289/ 
Amplitude-modulated signals, 

427-28, 428/ 

Ampulla 

of ductus deferens, 776, 778/ 

of ear, 399, 400/ 
of ovary, 786/ 790, 797, 

797/ 800 

Amygdala, 323/ 324, 325/ 

349, 371 

Amylase, 651, 652/, 671, 675, 834 

Amyloid plaques, 362 
Anabolie steroids, 220 

Anabolism, 699, 699/ 

Anaerobie glyeolysis, 216/ 216—17, 

219, 703, 703/ 

Anaerobie threshold, 635 
Anal eanal, 672/ 673 
Analgesies, 350 

Anal sphineters, 672/ 673-74, 674/ 
Anaphase, 70, 71/ 771, 772/ 
Anaphylaetie shoek, 563 
Anaphylaxis, 596 
Anatomieal anomalies, 2 
Anatomieal imaging, 2 
Anatomieal neek of humerus, 

167,169/ 

Anatomieal position, 11, 11/ 
Anatomy, definition of, 2 
Anconeus muscle 
aetion of, 251/ 
innervation of, 251/, 313/ 
insertion of, 251/ 
loeation of, 254/ 
origin of, 251/ 

Androgens. See also speeifie hormones 

effeets of, 442/, 452, 781, 783 

hyperseeretion of, 451 

seeretion of, 442/, 449, 452 
Anemia, 484 
Aneneephaly, 817 
Anergy, 594 
Anesthesia 
braehial, 315 
dental, 336 
epidural, 301 
general, 350 
loeal, 291,350 
spinal, 301 

Anesthesia awareness, 208 
Anestheties, 350 
Aneurysm, 324, 527 
Angina peetoris, 501, 516 
Angiogram, 501, 501/ 

Angioplasty, 501 
Angiotensin-eonverting enzyme 

(ACE), 557, 558/740 

Angiotensin-eonverting enzyme (ACE) 

inhibitors, 559 

Angiotensin I, 557, 558/ 740, 752/ 

Angiotensin II 
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lndex 


blood pressure regulation by, 557, 

558/ 559, 560/ 561 

in renal function, 740, 749, 752/ 
Angiotensinogen, 557, 558/ 

Angle (bone) 
definition of, 150í 

of mandible, 153/ 154, 154/ 

of ribs, 165, 166/ 

Angular movements, 183, 184/ 185/ 
ANH (atrial natriuretic hormone), 

559, 560/742, 742/752/ 
Anions, 24-25, 25 1, 25/ 

Ankle joint 

anatomy of, 189, 191/ 

arteries of, 528/ 535/ 535-36, 536/ 

articulation with leg bones, 177 
as hingejoint, 182 1 
injuries to, 189, 189/ 

veins of, 537/ 542, 545/ 

546, 546/ 

Annular ligament, 180/ 

Annulus fibrosus, 162, 163/ 

Anosmia, 371 

ANS. See Autonomic nervous system 
Antaeids, 658 
Antagonist(s) 
drugs aeting as, 417 
for hormones, 429 

muscles aeting as, 230 
Antebraehial region, 13/ 

Antecubital region, 13/ 

Anterior, 11/ 12, 12 1 
Anterior eerebral artery, 530/ 

Anterior ehamber, 376/ 377/ 378 
Anterior (ventral) column, 

302, 302/ 

Anterior eompartment of leg, 260í, 

261,261/ 

Anterior eompartment syndrome, 261 
Anterior eortieospinal traets, 353/ 

353 1, 354, 355/ 

Anterior eranial fossae, 158, 159/ 
Anterior erest of tibia, 176, 176/ 
Anterior emeiate ligament, 188/ 

189, 190/ 

Anterior ethmoidal foramina, 155/ 
Anterior (frontal) fontanel, 180/ 
Anterior (ventral) horn, 302/ 

303, 304/ 

Anterior inferior eerebellar artery, 530/ 
Anterior inferior iliae spine, 173, 

173/ 174/ 

Anterior intereostal arteries, 531, 533/ 
Anterior intereostal veins, 541 
Anterior interventricular artery, 494/ 

498, 499/ 

Anterior interventricular sulcus, 

493, 494/ 

Anterior lobe (eerebellar), 319, 319/ 
Anterior nasal spine, 156/ 

Anterior pituitary (adenohypophysis) 

hormones of, 438-39, 440/, 780, 
781/782/, 794 

hypothalamie regulation of, 

435, 437/ 


prenatal development of, 823 

stmemre of, 435, 436/ 
thyroid regulation by, 444, 444/ 

Anterior superior iliae spine, 172, 

172/ 173/ 174/ 

Anterior talofibular ligament, 189/ 
Anterior tibial artery, 528/ 

535/ 536 

Anterior tibial vein, 537/ 

542, 545/ 

Anterolateral (sphenoidal) 

fontanel, 180/ 

Anterolateral system, 346/ 346/, 

346-47, 347/ 

Antibodies 
elasses of, 589/ 

definition of, 474, 579 
effeets of, 590/ 591 
fimetions of, 34/, 474, 589/ 

innate eell attaehments, 580 
maternal-fetal exchange of, 599 

monoelonal, 589, 594 
in plasma, 479-82 
production of, 591/ 591-92 
stmemre of, 589, 589/ 
Antibody-mediated immunity, 584, 

586, 587-92 
Antibody sereen, 482 
Anticoagulants, 478 
Antieodon, 67, 69/ 

Antidepressants, 288/ 

Antidiuretic hormone (ADH) 

fimetions of, 436, 440/, 733, 
738-40, 750,752/ 
seeretion of, 738, 740 
Antidiuretic hormone (ADH) 

meehanism, 559, 559/ 

560/ 561 

Antigen(s) 

antibody response to, 590/ 591/ 

591-92 

B eell response to, 588, 588/ 

definition of, 578 
foreign, 578, 585, 585/ 
proeessing of, 585/ 585-86 

on red blood eells, 479/ 
479-81,480/ 

selfi, 578, 585/ 585-86, 594 
T eell response to, 586, 587/ 
Antigenie determinants 

(epitopes), 584 

Antigen-presenting eells (APCs), 

586, 587/ 

Antigen reeeptors, 578-79, 584 
Antihistamines, 97 
Anti-inflammatory dmgs, 36 
Antioxidants, 695 
Antiport, 54, 733 
Antiporters, 54 
Antisemm, 599 
Antithrombin, 478 
Antiviral agents, 597 
Antmm, 787/ 788 

Amis, 645/673, 773/791/ 

Anxiety disorders, 289/ 


Aorta 

abdominal 

branehes of, 531-32, 533/ 535/ 
loeation of, 527, 528/ 723/ 
aseending, 527, 529/ 533/ 
branehes of, 527, 529/ 533/ 

in eoronary circulation, 494/ 

495, 495/ 

deseending, 527, 529/ 533/ 

loeation, stmemre, and fimetion, 

527, 529/ 

thoraeie, 527, 528/ 529/ 531, 533/ 

trauma to, 527 
Aortie areh 

baroreeeptors in, 554-55, 555/ 
loeation of, 4/ 494/ 496/ 498/ 527, 
528/ 529/ 533/ 542/ 

Aortie bodies, 556, 633/ 634—35 
Aortie pressure, 549 
Aortie pressure curve, 508/ 

508-10, 509/ 

Aortie semilunar valve 
disorders of, 511, 514-16 
fimetion of, 506-9, 507/ 508/ 

heart sounds caused by, 510/ 

510-11 

loeation and structure, 496, 

496/ 497/ 

APCs (antigen-presenting eells), 

586, 587/ 

Apex 

of eoehlea, 391, 393/ 
of heart, 492, 492/ 495/ 

Aphasia, 358 

Apieal membrane, 732/ 732—33 
Apieal (free) surface, 78, 79/ 

Aplastie anemia, 484 
Apoerine glands, 86, 87/ 

Apoerine sweat glands, 115, 115/ 
Apolipoprotein E (apo E), 362 
Aponeuroses, 230. See also speeifie 

aponeuroses 

Apoptosis, 97-98, 592, 593/ 

Appendeetomy, 672 
Appendieitis, 16, 672 
Appendicular skeleton, 151/ 167—77 
Appendix, 645/ 661/ 672, 672/ 
Appetite eontrol, 454 
Appositional growth 
in bones, 128, 135, 136 
in eartilage, 126/ 127 

Apraxia, 353 

Aquaporins, 51, 53/, 738-39 

Aqueous eomponent, 671 
Aqueous humor, 378—79 
Araehidonie aeid, 694 
Araehnoid granulations, 327, 328/ 
Araehnoid mater, 301, 301/ 325/ 326 
Arbor vitae, 318, 319/ 

Arehes offoot, 177, 178/ 189 
Arcuate fasciculus, 358, 360/ 

ARDS (adult respiratory distress 

syndrome), 636 

Areola, 792, 793/ 

Areolar eonneetive tissue, 88, 88/, 89/ 


Areolar glands, 792, 793/ 

Arm. See also Forearm 
anatomy of, 151/ 167/ 

167-68, 169/ 

arteries of, 528/ 531, 532/ 
definition of, 12 

nmseles moving, 248/, 248/ 248—50, 
249/ 250/, 250/ 

veins of, 537/ 539-41, 540/ 541/ 

ARMD (age-related macular 

degeneration), 387/ 388 

Arreetor pili, 108/ 114, 114/ 
Arrhythmias, 504/, 504—5, 516 

Arteries, 527—36. See also speeifie 

arteries 

of abdomen, 528/ 534/ 
aging of, 526, 549 
blood pressure in, 511—12, 546-47, 
549, 549/ See also Blood 

pressure 

eapillary exchange and, 551, 551/ 

eomplianee of, 550, 553—54 

disorders of, 501, 526, 526/ 

of head and neek, 527, 528/ 529/ 
530/ 531 

loeal eontrol in, 553 

of lower limb, 528/ 535/ 

535-36, 536/ 

major, 528/ 

of pelvis, 528/ 534/ 534-35, 535/ 

stmemre and fimetion, 523/ 

523-25 

of thorax, 528/ 529/ 

types of, 523, 524/ 
of upper limb, 528/ 531, 532/ 
Arterioles 

afferent, 725, 727/ 728/ 
blood pressure in, 549, 549/ 
efferent, 725, 727/ 728/ 
loeal eontrol in, 552, 553 

stmemre and fimetion, 525 

Arterioselerosis, 510, 526—27, 

549, 553 

Arthritis 

degenerative, 191 
osteo-, 191 

rheumatoid, 191 

of shoulder joint, 187 
Arthroplasty, 191 
Articular eartilage 
growth at, 136 
on long bones, 131, 132/ 
stmemre of, 127 
synovial j oints, 181, 181/ 

Articular disk, 181 
Articular faeets 

of eervieal vertebrae, 163, I64í, 164/ 

inferior, 162 

of lumbar vertebrae, 163, 164/, 164/ 

of saemm, 165/ 
superior, 162 

of thoraeie vertebrae, 163, 164/, 164/ 
Articulations, 177. See also Joint(s) 
Artifieial insemination, 785 
Artifieial paeemaker, 505 
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Artistie abilities, eerebral eontrol 

of, 359 

Arytenoid eartilage, 610/f 

610-12, 611/ 

Aseending aorta, 527, 529/ 533/ 
Aseending eolon, 661/ 672-73 
Aseending lumbar veins, 541, 542/ 
Aseending nerve traets, 302/ 302—3, 

346/ 346/, 346—48 
Aseites, 647 

Aseorbie aeid. See Vitamin C 
ASD (atrial septal defeet), 823 
Asians, bone mass in, 145 
Aspirin 
low-dose, 476 

meehanism of aetion, 36, 97, 476 
Assoeiation areas, 349/ 352 
Assoeiation fibers, 322, 323/ 
Assoeiation neurons. See Interneurons 

Asthma, 596, 616, 619, 634 
Astigmatism, 386 
Astroeytes, 271/ 271—72, 287 
Astroeytosis, reaetive, 272 
Atheroselerosis, 501, 526/ 526—27 
Athetosis, 359 

Atlantoaxial joint, medial, 182 1 
Atlantooeeipital joint, 182/, 183 
Atlas, 163, 164/ 

Atmospherie pressure, 619 
Atom(s) 

elinieal applieations of, 24 
definition of, 22 
of elements, 22/, 22—23 

Atomie number, 22/, 23/ 23—24 
Atomie structure, 23, 23/ 

ATP. See Adenosine triphosphate 
Atria 

conducting system in, 503/ 503—5 
fiinetion of, 506—11, 507/ 508/ 
loeation and structure, 493, 

494/495/ 495, 496/ 

prenatal development of, 823, 824/ 

Atrial diastole, 506, 507/ 508/ 

Atrial fibrillation, 504/, 505 

Atrial flutter, 50 At 

Atrial natriuretic hormone (ANH), 

559, 560/742, 742/752/ 
Atrial pressure curve, 508/ 

508-9, 509 t 

Atrial septal defeet (ASD), 823 
Atrial systole, 506, 507/ 508/ 
Atrioventricular (AV) bundle, 

503/ 505 

Atrioventricular (AV) node, 503/ 

505,513 

Atrioventricular (AV) node bloeks, 

504/, 505 

Atrioventricular (AV) valves 

fimetion of, 506, 507/ 508/ 510 

heart sounds caused by, 510/ 

510-11 

loeation and structure, 495 
Atrophy, muscular, 220 
Attaehment proteins, 47 
Attention-defieit disorder (ADD), 363 


Attention-defieit hyperaetivity disorder 

(ADHD), 289/, 363 

Auditory assoeiation area, 349/ 352 
Auditory cortex, 349, 349/ 398 
Auditory fimetion, 395-97 

Auditory (acoustic) meatus 

external, 153, 153/ 158/, 187/390/ 
internal, 158/, 159, 159/ 

Auditory ossieles 
fimetion of, 396, 396/ 

loeation of, 152, 158 

structure of, 390, 390/ 391/ 

Auditory (pharyngotympanie or 

eustachian) tube, 390/ 390-91, 
391/608/ 

Auricle 

ofear, 390/395 
of heart, 493, 494/ 

Auricularis muscles 
aetion of, 234í 
innervation of, 234 1 
insertion of, 234í 
loeation of, 235/ 
origin of, 234 1 
Auricular surfaces 

of ilium, 173, 173/ 
ofsaemm, 163, 165/ 

Auscultatory method, 547, 547/ 
Autocrine ehemieal messengers, 458 
Autoimmune disease, 578, 594, 596, 

601. See also speeifie diseases 
Automatic bladder, 746 
Autonomic ganglia, 408, 408/ 
Autonomic motor neurons, 303, 304/ 
Autonomic nerve plexuses, 413 
Autonomic nervous system (ANS), 

407-24 

anatomy of, 409-13 

blood pressure regulation by, 418, 

419/ 548,552/ 552-53,555/ 

eompared to somatie motor system, 

408, 408/ 409 1 

definition of, 268 
digestive system regulated by, 

646,651 

divisions of, 268—69, 311, 329, 

409-12. See also 

Parasympathetie division; 
Sympathetie division 
drugs affeeting, 417 
fimetions of, 408, 413, 414/ 

420-22 

during aetivity versns at rest, 421 
eooperative effeets, 420 
dual innervation, 420 
general versns loealized, 420-21 
inhibitory, 420 
opposite effeets, 420 
stimulatory, 420 

heart rate regulated by, 513—14, 514/ 
hypothalamus in, 321 
insulin seeretion regulated by, 

455,455/ 

physiology of, 413—18 
regulation of, 418—20 


smooth muscle eontraetion regulated 
by, 221 

spinal eord injury and, 420 
summary and review, 422—24 
Autonomic reflexes, 304, 418—19, 419 f 
Autoregulation, 731 
Autorhythmicity, 198, 222, 

502-3, 513 

Autosomal ehromosomes, 835 
Autosomes, 68 

AV (atrioventricular) bundle, 503/ 505 
AV (atrioventricular) node, 503/ 

505,513 

AV (atrioventricular) node bloeks, 

504/, 505 

AV valves. See Atrioventricular valves 

Axial skeleton, 150-67, 151 f 
Axillary artery, 528/ 531, 532/ 

Axillary lymph node, 570/ 573 
Axillary nerve 

in braehial plexus, 312, 312/ 

313, 314/- 

cutaneous distribution, 314/, 315/ 
damage to, 187 
muscles innervated by, 31 4t 
Axillary region, 13/ 

Axillary vein, 537/ 538/ 539, 540/ 
Axis (vertebra), 163, 164/ 

Axoaxonic synapses, 292, 292/ 

Axon(s) 

aetion potential propagation in, 

283/ 283-85, 284/ 294, 294/ 

eollateral, 270/ 

of motor neurons, 200/ 204, 206/ 

206-7, 212/303, 408 

myelinated. See Myelinated axons 
neurons elassified by, 270, 271/ 
regeneration of, 286, 286/ 303 
in smooth muscle, 221 
of spinal nerves, 303 
structure and fimetion, 95, 96/, 

270,270/ 

of sympathetie division, 

408-10,411/ 

types of, 285 

unmyelinated, 273, 273/ 283, 283/ 
Azidothymidine (AZT), 597 
AZT (azidothymidine), 597 
Azygos vein, 538/ 541, 542/ 

B 

Baek muscles, 241, 242/, 242/ 

Baek pain, 241 

Baeterial infeetion, 582-83, 583/ 

See also speeifie infeetions 
Baeterial population, of eolon, 673 
Balanee, 398-401 
Balaneed polymorphism, 485 
Ball-and-soeket joints, 182/, 183 
Barbiturates, 289 1 
Bare area, 664, 664/ 

Baroreeeptor(s) 

fimetions of, 418, 513, 554 
loeation of, 419/ 513, 555/ 


reflexes, 513—14, 514/ 515/ 
554-55,555/ 561 
thirst sensation and, 749 

in vasopressin meehanism, 559, 559/ 
Barrier methods (eontraeeption), 798, 

798/, 799/ 

Basal eell(s), 371, 372/ 

Basal eell eareinoma, 101, 119, 120/ 
Basal metabolie rate (BMR), 712—13 

Basal nnelei, 323/ 323-24, 357, 359 

Basal surface of epithelial tissue, 78 
Base 

of eoehlea, 391, 393/ 
of heart, 492, 492/ 

Base (ehemieal), 31-32, 32/ 755 
Basement membrane 

deseribed, 78, 79/ 

of nephron, 727/ 
of plaeenta, 811, 813/ 
of testes, 774/ 

Basie ehemistry, 22—27 

Basie multicellular unit (BMU), 139 

Basie solutions, 31, 32/ 

Basilar artery, 530/ 531 
Basilar membrane, 391, 393/ 

396-97, 397/ 

Basilie vein, 537/ 538/ 539, 540/ 
Basolateral membrane, 732/ 732—33 
Basophils 
definition of, 580 

fimetions of, 474, 579/, 580, 

590/ 591 

B-eell reeeptors, 584 
B eells 

aetivation of, 588, 588/ 

aging and, 599 

definition of, 578 

fimetion of, 474, 576, 579í 
memory, 579/, 588, 588/ 591/ 
591-92 

naive, 586 

origination and maturation of, 576, 

584,584/ 
structure of, 474 
BCOP (blood eolloid osmotie 

pressure), 730 

Beats per minute (bpm), 512 

Bell palsy (faeial palsy), 330, 333/, 336 

Belly (muscle), 230 

Benign prostatie hyperplasia (BPH), 

779, 801 

Benign tumor, 101 

Benzodiazepines, 290 1 

Beta (|3)-adrenergic bloeking agents, 

417.513.553 

Beta (p)-adrenergie reeeptors, 417, 

418.553 

Beta ((3) eells, 453, 454/ 455, 670/ 

Beta (|3)-hydroxybutyric aeid, 

454, 707 

Beta-oxidation, 707 

Beta ((3) subunit, 430, 431/ 432 f 

Beta waves, 360, 361/ 

Bethaneehol ehloride, 417 
Biaxial joints, 181, 182/, 183 
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Biearbonate 

in aeid-base balanee, 29, 

756-63, 757/ 

digestive seeretion of, 652/, 657, 

657/669, 671 

symbol and signifieanee, 25 1 
Bieeps braehii muscle 

aetion of, 249, 250, 250/, 251, 251 1 

innervation of, 251 t 
insertion of, 250, 251 t 

loeation of, 247/ 248/ 252/ 
origin of, 250-51, 251 1 

at shoulder joint, 187/ 
tendon of, 180/ 

Bieeps femoris muscle 
aetion of, 258/, 259, 260 t 
injury to, 259 
innervation of, 258 1 
insertion of, 258í 
loeation of, 259/ 
origin of, 258 1 
tendon of, 167, 190/ 

Bieeps tendinitis, 250 

Bieipital (intertubercular) groove of 

humerus, 167, 169/ 

Biconvex, 378 
Bicuspid (mitral) valve 
disorders of, 511 
heart sounds caused by, 510/ 
510-11 

loeation and structure, 495, 

496/ 497/ 

Bifid spinous proeesses, 163, 

164/, 164/ 

Bifoeals, 386 
Bile 

flow of, 667f 668 

production of, 665—66, 669, 669/ 

storage of, 668-69 

Bile canaliculi, 665, 665/ 667f 668 
Bile ducts, 412, 662/ 668, 668/ 670/ 
Bile pigments, 473 

Bile salts 

fimetions of, 652/, 666, 677, 677/ 

seeretion of, 652/, 669, 669/ 

structure of, 36, 37/ 

Bilimbin, 473, 833-34 
Binding proteins, 428 
Binding site, 429, 429 f 
Binocular vision, 388-89 
Biofeedbaek, 421 
Biogenie amines, 288r—289í 
Biopsy, 78 
Biotin 

defieieney of, 696í 
fiinetions of, 696í 
referenee daily intake, 696t 
sources of, 696t 
Bipolar eells (retina), 381/ 

381-82, 384 

Bipolar neurons, 270, 271/ 

Birth. See Labor 
Bisphosphonates, 141 
Bitter taste, 371—72 
Bladder. See LJrinary bladder 


Blast eells, 87 

Blastoeoele, 810, 811/ 812/ 

Blastoeyst, 811, 811/ 

Blind spot, 378, 381 
Blink reflex, 373 

Bloeking agents (antagonists), 417 

Blood, 466-89 

elassifieation of, 88 1 
as eonneetive tissue, 92, 93 1 

definition of, 467 

deoxygenated, 617 

disorders of, 484—85. See also speeifie 

disorders 

formed elements, 467-75 
production of, 126, 469, 470/ 584 
structure and fiinetions, 469/, 471/ 

fimetions and eomposition of, 

467, 468/ 

gas transport in, 472—73, 523, 

625-31 

osmolality of, 739-42, 749/ 

749-50, 751/ 

oxygenated, 617 

plasma, 92, 93/, 467, 468/, 479, 748 

production of, 126 

shunted, 625 

summary and review, 486-89 
viseosity of, 548 
Blood-brain barrier, 329 
Blood ehemistry, 486 
Blood elotting 

abnormal, 478, 485 
eontrol of, 477 
fatty aeids and, 694 
fibrinolysis, 478, 478/ 
fimetion of, 467, 476 
proeess of, 476—77, 477/ 
retraetion, 478 
testing of, 483, 486 

Blood eolloid osmotie pressure 

(BCOP), 730 

Blood flow. See also Circulation 
eontrol of, 552/ 552—54 
determination of, 491, 554 
during exercise, 552, 561 
inadequate. See Circulatory shoek 

to hrngs, 614/ 617 
through blood vessel, 548 

through body, 548-49 

through kidney, 725, 728/ 

737-38,738/ 

through liver, 666-68, 667/ 
to tissues, 523 
Blood glucose 

endoerine eontrol of, 426, 428, 
454-56, 455/458 

hepatie eontrol of, 666 
intereonversion and, 708-11, 710/ 

Blood grouping, 478—82, 479/ 480/ 
Blood islands, 823 
Blood levels, of hormones, 

428-29, 443 

Blood loss, preventing, 475—78 
Blood pH 
abnormal, 708 


definition of, 631 

normal range, 31, 467 
regulation of, 467, 607, 627-29, 
631, 633/634 

“Blood poisoning” (septie shoek), 563 
Blood pressure 

eapillary exchange and, 551, 551/ 
during eardiae eyele, 508/ 

508-10, 509 1 

definition of, 546 
diastolie, 510, 547, 547/ 
gravity and, 549—50 
high. See Hypertension 
kidney fimetion and, 731, 742 
in major blood vessel types, 

549, 549/ 

mean arterial, 511-12, 548 
measurement of, 547, 547/ 
systolie, 510, 547, 547/ 
in veins, 549, 549/ 550, 554 
water intake and, 749/ 749—51 
Blood pressure regulation, 554-61 
autonomic, 418, 419/ 548 

baroreeeptor reflexes in, 513—14, 

514/ 554-55, 555/ 561 

eardiae fimetion and, 491, 513 
endoerine fimetion in, 426, 436 

long-term, 557-61, 560/ 
negative-feedbaek meehanism, 8/ 

8-9. 9 f 10/ 

by peripheral circulation, 523 
positive-feedbaek meehanism, 

10 , 10 / 

renal fimetion in, 722, 742 

short-term, 554—57 
Blood smear, standard, 474/ 
Blood-testis barrier, 776, 777/ 

Blood tests, diagnostie, 482-86. 

See also speeifie tests 
Blood-thymus barrier, 584 
Blood transfiision, 478-82 
Blood typing, 479/ 479-80, 482, 838 
Blood urea nitrogen (BUN), 486 
Blood vessels, 522-68. See also 

Arteries; Veins 

aging and, 526, 549 

blood flow through, 548. See also 
Blood flow; Circulation 
diameter and length, 548 
loeal eontrol in, 552 
pressure in. See Blood pressure 
smooth muscle in, 524/ 525, 552 

structure and fimetion, 523/ 

523-25, 524/ 

summary and review, 563—68 
vasoeonstrietion of, 525, 548, 
552-54, 561 

vasodilation of, 525, 548, 

552-54, 561 

Blood volume 

blood pressure and, 557—59 
eardiae output and, 554 
regulation of, 722, 741, 

751-52, 752/ 

Blue eones, 383 


BMR (basal metabolie rate), 

712-13 

BMU (basie multicellular unit), 139 
Body(ies) 

ofbones, 150/, 175/ 

of elaviele, 168/ 
of femur, 174 
of mandible, 153/ 154 

of panereas, 670, 670/ 
of ribs, 165, 166/ 
of sternum, 165, 166/ 
of stomaeh, 656/ 655 
of uterus, 786/ 790 

ofvertebrae, 161, 161/, 164/, 164/ 
Bodybuilding, 263, 263/ 

Body eavities. See also speeifie eavities 
deseribed, 14, 16/ 

formation of, 817, 818/ 

Body fluids, 747—63. See also speeifie 

fluids 

aeid-base balanee, 722, 755—63 
extracellular. See Extracellular fluid 

intracellular, 747, 748, 748/, 749/ 

regulation of, 570, 747—52 
summary and review, 763—68 
Body parts, names of, 12, 13/ 

Body plan, 11—18 
Body positions, 11, 11/ 

Body regions, names of, 13, 13/ 14/ 
Body surface area (BSA), 116, 116/ 
Body temperature 
abnormal, 717 
eardiae fimetion and, 516 
digestion and, 713 
effeet on ventilation, 636 
inflammatory response and, 583 
muscular fimetion and, 198, 

218, 561 

normal range, 713 

regulation of, 321, 713—16, 716/ 

by blood, 467 

by integumentary system, 107, 
118,118/ 

summary and review, 718—20 
water and, 33 
Body weight. See Weight 
Bohr effeet, 627 
Bolus, 653, 654/ 

Bone(s), 125-48. See also Skeletal 

system; speeifie bones 

anatomy of, 93/, 129, 129 f 
131, 132/ 

calcium homeostasis and, 142-43, 

143/ 446 

eells of. See also speeifie type ofeell 
origin of, 129 
types of, 128/ 128—29 
elassifieation of, 88/, 92, 93 1 
eompaet. See Compact bone 
definition of, 92 
deseribed, 92 

development of. See Ossifieation 
disorders of. See Fractures; speeifie 
disorders 

features of, terms for, 150, 150í 
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functions of, 93 t 
growth of 

at articular eartilage, 136 

faetors affeeting, 138, 446, 783 
in length, 133-36, 136/ 137/ 
inwidth, 136-37, 137/ 
histology of, 127/-130/ 127-31 

lamellar, 129 
prenatal development of, 

820í-82U 821 
repair of, 141—42, 142/ 
spongy. See Spongy bone 
strength of, meehanieal stress 

and, 139 

summary and review, 143-48 
woven. See Woven bone 

Bone eollar, 134, 135/ 

Bone density, 143 
Bone marrow transplantation, 469 
Bone mass, aging and, 145 
Bone matrix 
aging and, 143 

structure and hinetion of, 92, 93 t, 

127, 127/ 

Bone remodeling 
in bone repair, 141-42, 142/ 
defmition of, 129 

proeess of, 138—39, 140 f 
Bony labyrinth, 391, 392/ 

Bony (hard) palate 

loeation of, 156/ 157/ 608/ 649/ 

structure and hinetion, 158, 

608/ 609 

Border (bone), 150 1 
Botulinum toxin (BOTOX), 208 
Bowman capsule, 725, 726/ 

727/ 728/ 

Boyle’s law, 619 

BPH (benign prostatie hyperplasia), 

779, 801 

Braehial anesthesia, 315 
Braehial artery, 528/ 531, 532/ 
Braehialis muscle 
aetion of, 250, 251, 251 1 

innervation of, 251 1 
insertion of, 25 \t 
loeation of, 250, 252/ 
origin of, 251 1 
Braehial plexus 
cutaneous distribution, 315/ 
loeation of, 309/ 312/ 
nerves arising from, 314í 
structure of, 311—13, 312/ 
Braehial region, 13/ 

Braehial veins, 538/ 540/ 

Braehioeephalie artery 

loeation of, 528/ 529/ 530/ 

532/ 533/ 

structure and hinetion, 527 
Braehioeephalie veins, 537/ 538/ 

539, 540/ 542/ 

Braehioradialis muscle 
aetion of, 251, 25 \t 
innervation of, 25 lí, 313/ 
insertion of, 25 \t 


loeation of, 252/ 254/ 
origin of, 251 t 

Bradyeardia, 504, 50 4t 
Brain 

aging and, 363 
blood supply to, 329 
eapillary exchange in, 550 
hinetions of, 316, 358—62 
loeation of, 4/ 

prenatal development, 822, 822/ 
relationship of pituitary gland to, 

435-36 

structure of, 316, 317/ See also 
speeifie structures 
venous sinuses of, 538/ 539 
Brainease, 150—51 
Brain injuries, 324, 326 
Brain sand, 321 
Brainstem 

loeation of, 317/ 318/ 
in parasympathetie division, 

410, 412/ 

respiratory areas in, 631/ 

631-32, 632/ 
sensory traets, 346í, 346-48 
structure and hinetion, 316—18, 318/ 

Brainstem reflexes, 336-37, 419 
Brain tumors, 362 
Brain waves, 360, 361/ 

Breast(s) 

anatomy of, 115, 770/ 792, 793/ 

disorders of, 792 

during laetation, 834, 835/ See also 
Laetation 

during pregnaney, 793, 834 
Breast eaneer, 594, 792, 801 
Breathing. See Ventilation 
“Brittle bone” disorder, 128 
Broad ligament, 785, 786/ 790 
Broea area (motor speeeh area), 349/ 

358, 360/ 

Broeas (expressive) aphasia, 358 
Bronehial artery, 614/ 

Bronehial circulation, 617 
Bronehial nerve, 614/ 

Bronehial vein, 614/ 

Bronehiogenie eaneer, 636 
Bronehioles, 612/ 613, 614/ 
Bronehitis, 636 

Bronchopulmonary segments, 613 
Bronchus (ph, bronehi) 
disorders of, 636 
prenatal development of, 

825,825/ 

structure and hinetion, 607/ 612/ 

613, 614/ 

Brown-Séquard syndrome, 356 
Bruch membrane, 381/ 382 
BSA (body surface area), 116, 116/ 
Bubonic plague, 573 
Buccal fat pad, 647 

Buccal region, 13/ 

Buccinator muscle, 234í 
aetion of, 23 4t, 236, 647 

innervation of, 23 4t 


insertion of, 23 4t 

loeation of, 235/ 237/ 647 

origin of, 234í 
surface anatomy, 236/ 

Bnffers, 32, 32/ 467, 756, 757/ 

Bufìy eoat, 483 
Bulb 

ofpenis, 778/779 

of vestibule, 791 
Bulbospongiosus muscle 
aetion of, 24 4t 
innervation of, 2 AAt 

insertion of, 244í 
loeation of, 244/ 
origin of, 2 AAt 

Bulbourethral glands, 773/ 778/ 

779-80 

Bulbus eordis, 823, 824/ 

BUN (blood urea nitrogen), 486 
Burns 

elassiheation of, 116—17, 117/ 
dehnition of, 116 
mle of nines, 116, 116/ 
skin grafts for, 117 

Bursa, 181, 181/ 

Bursitis 

dehnition of, 181 
knee, 188 
shoulder, 187, 250 

C 

Cadherins, 47 
Caffeine, 291 1 
Calcaneal region, 13/ 

Calcaneal (Aehilles) tendon, 191/ 

262,262/ 

Calcaneus, 176/ 177, 178/ 191/ 
Calcihed eartilage, 134, 135/ 

Calcitonin 

in calcium homeostasis, 143, 143/ 

446, 447/755 

for osteoporosis, 141 
seeretion and hinetions of, 441, 446 
Calcium 

abnormal levels of, 448, 75 5 1 
eardiae hinetion and, 499, 516 

eharaeteristies of, 22 1 

deheieney of, 284, 69 7t, 755, 75 5 1 

hinetions of, 69 7t 

homeostasis, 142-43, 143/ 446, 
447/754-55 

ions, 25 1 

osteoporosis and, 141 
referenee daily intake, 697í 
Calcium ehannel(s) 
in eardiae muscle, 500—501, 502/ 

503,513 

ehemieal synapses and, 285-87, 287/ 
eoneentration gradients and, 274/ 

274-75 

as intracellular mediators, 

430-31,431/ 

membrane potential and, 277 
in olfaetory epithelium, 370 


in skeletal muscle, 207, 207/ 
209/^210/ 211-13, 222 
in taste eells, 371 
Calcium ehannel bloekers, 503 
Calcium eitrate, 141 
Calcium (Ca 2+ ) release ehannels, 209 
Callus, 110, 141, 142/ 

Calmodulin, 222, 431 
Calorie (eal), 690, 69U 712 
Calvaria, 152 
eAMP (eyelie adenosine 

monophosphate), 431—32, 432/ 
Canal (bone), 150 1 
Canaliculus (pl., canaliculi) 
bile, 665, 665/ 66// 668 
bone, 128, 128/ 

laerimal, 374, 374/ 

Canal of Sehlemm (seleral venous 

sinus), 377/ 378 
Cancer. See also Tumor(s) 
breast, 594, 792, 801 

bronehiogenie, 636 
eervieal, 790, 801 
eolon, 681 
dehnition of, 101 
geneties of, 839 
immune surveillance, 597 
immunotherapy for, 594 
interferon therapy for, 583 
lung, 636 
ovarian, 801 
panereatie, 671 
skin, 119-20, 120/ 

stem eells for, 469 
urinary bladder, 744 
uterine, 801 
Capacitation, 797 
Capillaries (blood) 
peritubular, 725, 728/ 732/ 
permeability of, 550 

pressure in, 549, 549/ 
pulmonary, 614/ 615, 615/ 

structure and hinetion, 523, 

525,525/ 

Capillaries (lymphatie), 570, 

571,571/ 

Capillary bed, 525, 525/ 

Capillary exchange, 550—51, 551/ 
Capitate bone, 169, 171/ 

Capitulum, 167—68, 169 f 
Capsular eolloid osmotie pressure 

(CCOP), 730 

Capsular hydrostatie pressure 

(CHP), 730 

Capsule 

of kidney, 722, 723/ 724/ 
of lymph node, 573, 573/ 
of spleen, 574, 575/ 
of thymus, 575 
Carbidopa, 359 

Carbohydrates 

ehemistry of, 33, 34/, 35/ 

complex, 692-93 
dehnition of, 692 
dietary guidelines, 693 
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dietary sources of, 691 t, 692 

digestion of, 651, 660, 675—77, 

676/ 676t, 699 

metabolie states, 711, 71 \f-7l2f 
metabolism of, 700-707 

uses in body, 692-93 
Carbon 

atomie number, 22 1, 23, 23/ 
organie ehemistry, 33 
Carbon dioxide (C0 2 ) 
aeid-base balanee and, 756 
in aerobie respiration, 705 

blood transport of, 472, 629—31 

cardioregulation and, 516 
exchange of 
in lungs, 630/ 631 
in tissues, 629—31 
functions in body, 29, 33 
partial pressure gradients, 

626-27, 634 

as respiratory regulator, 634 
structure, 25, 33 

vasomotor regulation and, 

556-57,557/ 

Carbonic aeid, 634, 657, 657/ 

756, 757/ 

Carbonic anhydrase, 472, 627, 756 
Carbonic anhydrase inhibitors, 735 
Carboxyl group 

lipids, 34, 35/ 
proteins, 37, 37/ 

Carboxypeptidase, 652/, 671, 679 
Carcinogens, 839 
Carcinoma, 101 
Cardiac arrhythmias, 504/, 

504-5, 516 

Cardiac eyele, 506-11, 507/ 

Cardiac muscle 

aetion potentials in, 224, 500—501, 

502/ 503, 503/ 

autorhythmicity of, 198, 

502-3, 513 

functions of, 94/, 95, 198, 199/, 224, 
499-500 

innervation of, 329, 413, 414/ 
structure of, 94/, 95, 199/, 224, 
499-500, 500/ 

Cardiac nerves, 513 
Cardiac opening, 653, 656/ 

Cardiac output (CO) 
aging and, 516 
blood flow and, 548, 554 

blood pressure and, 511—12 
calculation of, 511 
during exercise, 561 
Cardiac part (stomaeh), 653, 656/ 
Cardiac reserve, 512 
Cardiac sphineter, 653, 656/ 

Cardiac tamponade, 493 
Cardiac veins, 536, 537/ 

Cardiogenic shoek, 563 
Cardiopulmonary resuscitation (CPR), 

166, 492 

Cardioregulatory eenter, 513—14, 514/ 

554, 555/ 


Cardiovascular disease. See also speeifie 

diseases 

aspirin for, 476 

eholesterol and, 37, 526-27, 678 
Cardiovascular system. See also Blood; 

Blood vessels; Circulation; 

Heart 

fetal, 831-32, 832/ 

interaetions with other systems, 562 

during menopause, 80 \t 

in newborn, 832—33, 833 f 

prenatal development of, 820/--821/, 

823,824/ 

Carina, 612/ 613 
Carneae, 493, 493/ 

Carotid arteries, 527, 528/ 530/ 
Carotid artery, 4/ 

Carotid bodies, 556, 633/ 634—35 
Carotid eanals, 157/ 157—59, 

158/, 159/ 

Carotid sinus 

baroreeeptors in, 554-55, 555/ 

loeation of, 527, 530/ 

Carotid sinus syndrome, 555 
Carotid sympathetie nerve plexus, 158í 

Carpal bones, 151/ 167/ 169, 

171,171/ 

Carpal region, 13/ 

Carpal tunnel, 171, 316 
Carpal tunnel syndrome, 171, 316 
Carpometacarpal joint, 182/, 183 
Carrier (genetie), 837 
Carrier proteins (transporters), 53/, 

53-54, 54/ 

Cartilage 

articular. See Articular eartilage 
elassifieation of, 88/, 91, 92 1 
definition of, 91 
structure of, 126/ 126-27 

Cartilage model, 134, 135/ 
Cartilaginous joints, 179/, 180-81 
Caruncle, 373, 373/ 

Catabolism, 699, 699/ 

Catalysts, 31 

Cataracts, 387/ 387-88, 401 
Cations, 24—25, 25 1, 25/ 

Caucasians, bone mass in, 145 
Cauda equina, 162, 300, 300/ 309/ 
Caudal, 12, 12 1 
Caudate lobe, 664, 664/ 

Caudate nucleus, 323, 323/ 

Cavernous sinus, 538/ 

CBC (eomplete blood count), 482-83 
C (parafollicular) eells, 441, 441/ 

442/, 446 

CCK. See Cholecystokinin 
CCOP (capsular eolloid osmotie 

pressure), 730 

CD4, 586 

CD4 (T4) eells, 586, 587/ 

Cecum, 661/ 672 
Celiac disease, 681 
Celiac ganglia, 413 

Celiac tmnk, 528/ 531, 533/ 

Cell(s), 45-76 


antigen proeessing in, 585/ 585-86 
eloning, 72, 809 

eonneetions between, 85/ 85-86 

definition of, 3, 46 

differentiation, 7, 72, 810 
eleetrie signals produced by. See 
Aetion potential(s) 
organization and fimetions, 46, 

47/ 48 1 

structure-function relationships of, 65 

structure of, 46-47, 47/ 48 1 

summary and review, 72—76 
Cell body (soma) 

deseribed, 95, 96/, 269, 270/ 
of motor neurons, 303, 408/ 

408-10, 409/ 

Cell division. See also Meiosis; Mitosis 
early, 810-11, 811/ 
proeess of, 68—72 
Cell level of organization, 3, 3/ 
Cell-mediated immunity, 584, 592, 

593/601 

Cell membrane. See Plasma membrane 

Cell metabolism, 46 

Cells of Leydig (interstitial eells), 774, 

774/780, 781/ 

Cellular physiology, 2 

Cellulose, 33, 34/, 692 
Cementum, 650, 650/ 

Centers of ossifieation, 133/ 134 
Central eanal (spinal eord), 302/ 303, 

347, 822 

Central eanals (bone), 129, 130/ 
Central ehemoreeeptors, 556-57, 

557/ 633/ 633-34 

Central (primary) lymphatie 

tissue, 584 

Central nervous system (CNS), 

300-342 

aging and, 362-63 
definition of, 268, 268/ 300 
digestive system regulated by, 646, 
657-58 

disorders of, 362-63. See also speeifie 
disorders 

enterie nervous system interaetion 

with, 412, 420, 658 

fimetion of, 269, 269/ 

glial eells of, 271/ 271-72, 272/ 

gray matter, 273, 302/ 303, 318 

isehemie response, 557 

motor traets, 353/ 353/, 

353-57,354/ 

nerve regeneration in, 286, 286/ 303 
prenatal development of, 

815-16, 816/ 

sensory traets, 346/ 346/, 346-48 
summary and review, 337-42 
traets, 273, 302, 302/ 

white matter, 273, 302/ 318 
Central retinal artery, 376/ 378, 378/ 
Central retinal vein, 376/ 378, 378/ 

Central sulcus, 321, 322/ 349, 349/ 
Central toleranee, 594 
Central vein, 665, 665/ 668 


Centriole(s) 
in eell division, 65 
in sperm eells, 774/ 
structure and fimetions, 48/, 64/ 

64-65 

Centromere, 60, 60/ 771 
Centrosomes, 48/, 64-65 
Cephalic, 12, 12 1 
Cephalic phase, 658, 659/ 

Cephalic vein, 537/ 538/ 539, 540/ 

Cerebellar eomparator fimetion, 35 7f, 

357-58 

Cerebellar lesions, 359 
Cerebellum 

disorders of, 359 

loeation of, 317/ 319/ 322/ 
prenatal development of, 822, 822/ 
structure and fimetion, 318/ 

318-19,319/357-58 

Cerebral aqueduct, 326 
Cerebral arterial eirele (eirele of 

Willis), 527, 529/ 531 

Cerebral medulla, 322, 323/ 

Cerebral palsy, 359 
Cerebral peduncles, 317, 318/ 
Cerebrocerebellum, 358 
Cerebrospinal fluid (CSF) 
in brain, 326-27 
flow of, 327, 328/ 
formation of, 327 
fimetion of, 326-27 
removal of, 301 
in spinal eord, 301, 326-27 
Cerebrovascular aeeident (CVA), 362. 

See also Stroke 
Cerebrum 

basal nuclei in, 323/ 323—24, 

357, 359 

defeeation eontrol by, 674, 674/ 
hemispheres, 359 
loeation of, 317/ 321 
medullary traets, 322, 323/ 
micturition eontrol by, 

744-45, 745/ 

motor areas of, 352—53, 353/ 

prenatal development of, 822, 822/ 
respiratory regulation by, 632/ 

632-33 

sensory areas of, 349/ 349—51 
structure and fimetion, 321—24, 322/ 
vasomotor eontrol by, 553 
ventrieles, 326, 327/ 

Cerumen, 115 
Ceruminous glands, 115 
Cervical eanal, 786/ 790 
Cervical eaneer, 790, 801 

Cervical eap, 798, 798/, 799/ 

Cervical enlargement, 300, 300/ 
Cervical lymph node, 570/ 573 
Cervical mucous glands, 790 
Cervical nerves 
dermatomal map, 310/ 
identifieation system, 309/ 309—10 
Cervical plexus 
cutaneous distribution, 315/ 
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loeation of, 309 f 313 
nerves arising from, 313, 3l4í 
Cervical region, 13 f 
Cervical rib syndrome, 313 
Cervical vertebrae 

eharaeteristies of, 163, 1 6At, 1 64/ 

loeation of, 139-60, 160/ 

Cervix 

dilation during labor, 829/ 829—30 
structure and hinetion, 786/ 790 
Cesarean seetion, 174 
CF (eystie fibrosis), 616, 677, 841 1 
eGMP (eyelie guanosine 

monophosphate), 432, 433/ 
784, 784/ 

Chalazion (meibomian eyst), 373 
Channel proteins, 49/ 33 

Cheeks, 647, 649/ 

Chemical bonding 
eovalent, 25—26, 26/ 
definition of, 24 

ionie, 24-25, 25 t, 25/ 

Chemical digestion, 645, 675, 

699, 699/ 

ehemieal energy, 29—31, 30/ 
Chemical level of organization, 3, 3/ 
Chemical mediators 
of inflammation, 96, 582-83, 583/ 
of innate imrmmity, 580, 581 t 
Chemical messengers, 458 
Chemical methods (eontraeeption), 

798í, 798-800, 799/ 

Chemical reaetions, 27—31 

deeomposition, 27, 28/ 29 
definition of, 27 
dehydration, 27, 28/ 29 
energy in, 29—31, 30/ 
hydrolysis, 27, 28/29 

metabolie, 699/ 699-700, 700/ 

rate of, 31 
reversible, 29 
synthesis, 27, 28/ 29 
water in, 33 

Chemical synapses, 285-92, 287/ 
ehemiosmotie model, 706 
Chemistry 
basie, 22—27 

blood, 486 

definition of, 22 
inorganie, 33 

organie. See Organie ehemistry 
summary and review, 42-44 
Chemokines, 578 
Chemoreceptor(s) 
cardioregulatory, 516 

eentral, 556-57, 557/ 633/ 633-34 
definition of, 345, 633 
peripheral, 556-57, 557/ 634 
respiratory, 631, 632/ 633/ 633—35 
vasomotor, 556-57, 557/ 

Chemoreceptor reflexes, 514/ 516, 

556-57, 557/ 

ehemosensitive area, 633 

Chemotaxis, 578, 590/ 591 

Chest elapping, 616 


Chest percussion, 616 
Chest physieal therapy, 616 
Chewing. See Mastieation 

Chief eells, 655, 656/ 

Childbirth. See Labor 
Chloride ehannels 
membrane potential and, 277 
neurotransmitter release and, 

285-87, 287/ 

Chloride ions, regulation of, 753 

Chloride shift, 629 

Chlorine 

eharaeteristies, 22 t, 24, 25 t, 25/ 

defieieney of, 69 71 
fitnetions of, 69 71 
referenee daily intake, 69 71 

Choanae, 607, 608/ 

Cholecalciferol. See Vitamin D 
Cholecystokinin (CCK) 
bile seeretion and, 669, 669/ 
fimetions of, 652í 
intestinal phase and, 658, 659/ 
seeretion of, 413, 458, 671/ 

671-72 

source of, 652í 
Cholesterol 

cardiovascular disease and, 37, 

526-27, 678 

dietary guidelines, 694 
dietary sources of, 693 
digestion of, 677—78 

fianetion of, 34/, 693 

gallstones formed from, 669, 669/ 
structure of, 37/ 

Choline, 207/ 208 

Cholinergic neuron, 413 
Cholinergic reeeptors, 413—15, 415/ 
Chondroblasts, 126/ 126-27 
Chondrocytes 
deseribed, 91, 91/—92í 
in hyaline eartilage, 126/ 127 
Chondromalacia, 188 
Chondrosarcoma, 101 

Chordae tendineae, 496, 496/ 497/ 
Chorda tympani, 372, 390, 390/ 391/ 
Chorion, 811, 812/813/814 
Chorionic villi, 811, 813/ 

Chorionic villus sampling, 830, 842 
Choroid, 376, 376/ 377/ 381/ 382 
Choroid plexuses, 272, 327, 328/ 

CHP (capsular hydrostatie pressure), 

730 

Chromatids, 60, 60/ 771 
Chromatin, 48/, 60, 60/ 

Chromium 
defieieney of, 69 71 
functions of, 69 71 
referenee daily intake, 69 71 
Chromosome(s) 
abnormalities of, 835, 8 A\t 
autosomal, 835 
homologous pair, 771, 836 
in nucleus, 48/, 59-60, 60/ 
number of, 68, 771 
replieation of, 68, 70, 70/ 771, 772/ 


sex, 68, 771, 835-36, 836/ 
in sex eells, 771, 787, 809, 835-36 
structure of, 835, 835/ 
ehromosome analysis (karyotype), 

830, 835, 835/ 

Chronic adrenoeortieal insufficiency 

(Addison disease), 451 
Chronic glomemlar nephritis, 729 
Chronic obstmetive pulmonary disease 

(COPD), 636 

Chronic pain, 351 
Chronic pain syndrome, 351 
Chronic renal failure, 746 
Chronic subdural hematomas, 324 
Chyle, 570, 678 

Chylomicrons, 677/ 677—78, 678/ 
Chyme, 655 

definition of, 655 

seeretion of, 658, 659/ 

in small intestine, 663, 671 
in stomaeh, 660, 660/ 

Chymotrypsin, 652/, 671, 679 
Cialis (tadalafil), 784 
Cigarette smoke, 823 
Ciliary body 

ffinetions of, 378, 380, 380/ 
loeation of, 376, 376/ 

structure of, 377/ 378 
Ciliary glands, 373 
Ciliary muscles, 376, 377/ 380/ 
Ciliary proeesses, 376, 377/ 

Ciliary ring, 376, 377/ 

Cilium (pl., eilia) 
of respiratory traet, 609, 615, 738 

structure and ffinetion, 48/, 65, 85 
Cimetidine (Tagamet), 658 
Cingulate gyms, 324, 325/ 

Circadian rhythms, 321, 458 
Circle ofWillis (eerebral arterial 

eirele), 527, 529/ 531 

Circular folds, 661, 662/ 670/ 
Circular movement, 183-84, 185/ 
Circular smooth muscle, 645, 

646/ 662/ 

Circulation, 522—68. See also Blood 

vessels 

bronehial, 617 

eoronary, 497-98, 498/ 499/ 

during exercise, 561 
fetal, 811, 813/831-32, 832/ 
peripheral, 523 
physiology of, 546-52 
pulmonary, 491, 491/ 527, 617 
renal, 725, 728/ 

summary and review, 563-68 

systemie, 491, 491/ 527 
Circulatory shoek, 418, 561, 563 
Circumcision, 779 
Circumduction, 184, 185/ 
Circumferential lamellae, 130, 130/ 
Circumflex artery, 498 
Cirrhosis, 666, 709 
Cis form, 693 

Cisternae, 60, 61/ 62/ 

Citracal (calcium eitrate), 141 


Citric aeid eyele (Krebs eyele), 217, 

704, 705/ 7071 

Classical pathway, 581, 591 
Class I level system, 231, 231/ 

Class II level system, 231, 231/ 

Class III level system, 231, 231/ 

Clast eells, 87 
Clavicle 

in peetoral girdle, 151/ 167, 167/ 
168/238/ 

surface anatomy, 166/ 
in thoraeie eage, 166/ 

Clavicular region, 13/ 

Cleavage furrow, 71/ 72 

Cleavage (tension) lines, 112/ 112—13 

Cleftlip, 158, 819 
Cleft palate, 158, 819 

“dergyman’s knee,” 188 
Climax (orgasm) 

female, 797 
male, 783 
Clinical age, 809 
Clinical perineum, 791/ 792 
Clitoris 

loeation of, 786/ 791/ 

prenatal development of, 827, 828/ 

structure and ffinetion, 791, 797 

Cloaca, 825, 826/ 827/ 

Cloacal membrane, 817, 818/ 

Clones, 584 
Cloning, 72, 809 
Clopidogrel bisulfate, 476 
Closed fractures, 139 
Closed head injuries, 324, 326 
Closure of epiphyseal plate, 136 
Clot 

blood. See Blood elotting 
in skin repair, 100, 100/ 

Clotting faetors, 476—78 
CNS. See Central nervous system 
CO. See Cardiac output 
Coagulation. See Blood elotting 
Cobalamins. See Vitamin B 12 
Cobalt 

defieieney of, 6971 
ffinetions of, 6971 
referenee daily intake, 6971 
Cocaine, 289 1 
Coccygeal bone. See Coccyx 
Coccygeal nerves 
dermatomal map, 310/ 
identifieation system, 309, 309/ 

Coccygeal plexus, 309/ 315—16 
Coccygeus muscle 
aetion of, 2AAt 
innervation of, 2 AAt 
insertion of, 2 AAt 

loeation of, 244, 244/ 
origin of, 2AAt 
Coccyx 

eharaeteristies of, 163, 165, 165/ 
male and female eomparison, 174/ 
in pelvie girdle, 171, 172/ 
structure and loeation, 151/ 

160,160/ 
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Cochlea 

auditory function, 396, 396/ 
loeation of, 390/ 392/ 

structure of, 391, 393/ 

Cochlear duct, 391, 393/ 

Cochlear (spiral) ganglion, 398 
Cochlear nerve, 390/ 393/ 398 
Cochlear nucleus, 398 
Codominance, 838 

Codons, 66—67, 69/ 

Coelom, 817, 818/ 

Coenzymes, 693 

Cognition disorders, 290/, 362—63 
Coitus interruptus (withdrawal), 798 
Colitis, 680 

Collagen/collagen fibers 

aging and, 143 

in bone matrix, 127, 127/ 143 

in eonneetive tissue, 87 
fiinetion of, 34í 
in osteogenesis imperfeeta, 128 
Collateral axon, 270/ 

Collateral ganglia, 409/ 410, 

411/413 

Collecting duct 
loeation of, 725, 726/ 728/ 

reabsorption in, 733—34, 734/ 
Colles fractures, 169 
Colliculus, 317, 318/ 388, 398 
Colloid, 58 

Colon, 648/ 661/ 672/ 672-73 

Colon eaneer, 681 
Color 

eye, 377 
hair, 114 

skin, 111/111-12, 119-20 

Color blindness, 387, 387/ 841/ 
Color vision, 383-84, 384/ 
Colostrum, 834 
Columnar epithelial tissue 
definition of, 79 
fimetions, 85 
pseudostratified, 81/, 82 
simple, 81/, 82 
stratified, 82, 84í 
Columns (funiculi), 302, 302/ 
Combination movements, 186 
Comminuted fractures, 139, 139/ 
Commissural fibers, 322, 323/ 
Commissures, 359 
Committed stem eells, 129 

Common bile duct, 662/ 668, 

668/ 670/ 

Common earotid arteries, 527, 528/ 

529/ 532/ 533/ 

Common fibular nerve 
cutaneous distribution, 314/, 315/ 
in lumbosacral plexus, 314/, 315 
muscles innervated by, 314í 
Common hepatie artery, 532, 533/ 
Common hepatie duct, 668, 668/ 
Common iliae arteries, 528/ 533/ 

534, 535/723/ 

Common iliae veins, 537/ 541, 543/ 

545/ 723/ 


Common pathway (elotting), 

477, 477/ 

Communicating hydrocephalus, 327 
Communication 
cellular, 46 

muscular fimetion in, 198 
Compact bone 
elassifieation of, 88/ 
definition of, 129 
structure and fimetion, 92, 93/, 

129-31, 130/ 

Comparator fimetion (eerebellar), 

357/ 357-58 

Compatibility tests (blood), 482 
Competition, in mediated 

transport, 52 

Complement, 34/, 581, 581/ 
Complementary base pairs, 40 
Complement easeade, 581, 582/ 

590/ 591 

Complete blood count (CBC), 482-83 
Complete fraemres, 139, 139/ 
Complete heart bloek, 504/ 

Complete protein, 694 
Complete tetanus, 212 
Complex earbohydrates, 692-93 
Compliance 

of lungs and thorax, 622 

vascular, 549, 553—54 
Complicated fraemres, 139 
Compound(s), versns molecules, 27 
Compound fraemres, 139 
Compound glands, 86, 86/ 

Computed tomography (CT) seans, 

24, 24/ 

Concentration gradient 
in diffiision, 50, 50/ 

in ion ehannels, 204, 274/ 274—75 

Concentration of reaetants, 31 
Concentric eontraetions, 214 
Concentric lamellae, 129, 130/ 
Conchae, 154/ 156, 156/ 608/ 609 
Concussion, 324 
Conditioned reflex, 361 

Condoms, 798, 798/, 799/ 
Conducting system of heart, 503/ 

503-5 

Conduction, 713/ 713—14 
Conduction deafness, 402 
Condyle(s) 

definition of, 150, 150/ 
lateral 

offermir, 175, 175/ 190/ 

oftibia, 176, 176/ 

mandibular, 152/, 153/ 154, 158 

medial 

offemur, 175, 175/ 190/ 

oftibia, 176, 176/ 

oeeipital, 152/, 153/ 157, 157/ 
Cones, 381/381-84, 382/ 

Congenital disorders, 497, 809, 

823, 834 

Conjugation, 734 

Conjunctiva, 373, 373/ 376/ 377/ 
Conjunctivitis, 374 


Connective tissue. See also Blood; 

Bone(s); Cartilage; speeifie type 
oftissiie 

in blood vessels, 524/ 525 
eells of, 87-88 
elassifieation of, 88, 88/, 89/ 
eovering muscle, 199, 200/ 
in dermis, 107 

in digestive traet, 645, 646/ 656/ 
of eye, 373, 373/ 375-76, 382 

fimetions of, 86-87 
in heart, 500/ 516 

in heart wall, 493, 493/ 

in kidneys, 722 
in lymphatie system, 572 
in peripheral nervous system, 

309, 309/ 

in thyroid gland, 441, 441/ 

in tissue repair, 99 

in urinary system, 743, 743/ 
Connexons, 285 
Consolidation, 360 
Constant region, 589, 589/ 591 
Constipation, 675, 681 
Constriction, vascular, 198 
Contraception, 796, 798/, 

798-800, 799/ 

Contractility, 198 
Contraction phase, 211, 211/, 

211/222 
Contralateral, 347 
Contrecoup, 324 

Control eenter, in negative-feedbaek 

meehanism, 8 
Contusions, brain, 324 
Conus medullaris, 300, 300/ 309/ 
Convection, 713/ 714 
Convergence, 381 
Convergent pathways, 294, 294/ 
COPD (ehronie obstmetive 

pulmonary disease), 636 
Copper 

defieieney of, 697/ 
fimetions of, 697/ 
referenee daily intake, 697/ 
Coracobrachialis muscle 

aetion of, 248/, 249, 250/ 

innervation of, 248/ 
insertion of, 248/ 
loeation of, 248/ 252/ 
origin of, 248/ 

Coracoid proeess, 167, 168/ 

Cords of umbilical arteries, 833, 833/ 

Corn(s), 110 

Cornea 

fimetion of, 375, 379-80 
loeation of, 375, 376/ 377/ 

structure of, 376 
Corneal reflex, 337 

Corniculate eartilage, 610, 610/ 611/ 
Cornified eells, 108 
Coronal plane, 13—14, 15/ 

Coronal sutures, 152, 152 f, 153 f, 

154/ 179/ 

Corona radiata, 788, 789/ 809 


Coronary arteries 
disorders of, 501 

loeation of, 494/ 495/ 498, 498/ 
499/ 527, 528/ 

Coronary artery disease, 516-17 
Coronary bypass, 501, 546 
Coronary circulation, 497-98, 

498/ 499/ 

Coronary ligament, 647, 

648/ 664/ 

Coronary sinus, 496/ 499/ 536 
Coronary sulcus, 493, 494/ 495/ 

Coronary thrombosis (heart attaek), 

478, 501, 516 
Coronoid fossa, 169/ 

Coronoid proeess 

of mandible, 152/, 153/ 154 

of ulna, 168, 170/ 187/ 

Corpora eavernosa, 778/ 779, 791 
Corpora quadrigemina, 317 
Corpus albieans, 787/ 790 
Corpus callosum, 317/ 320 f, 322, 

323/359 

Corpus luteum, 787f 7&9fi 790, 

795, 795/ 

Corpus luteum of pregnaney, 790, 

796, 814 

Corpus spongiosum, 778/ 779 
Corpus striatum, 323, 323/ 

Corrugator supercilii muscle 
aetion of, 234/, 236 

innervation of, 234/ 
insertion of, 234/ 
loeation of, 235/ 
origin of, 234/ 
surface anatomy, 236/ 

Cortex 

adrenal. See Adrenal cortex 
eerebral, 273, 318, 322, 323/ See 
also speeifie sensory areas 
of hair, 113, 114/ 

of kidney, 723, 724/ 726/ 728/ 
of lymph node, 573/ 574 
of ovary, 785, 787/ 
of thyrmis, 575, 576/ 

Cortical nephrons, 725 
Corticobulbar traet, 353/, 

354, 354/ 

Corticospinal traet, 353/353/, 354, 

354/ 355/ 

Corticotropin-releasing hormone 

(CRH), 437/, 450, 450/ 
Cortisol, 442/, 450, 450/ 451, 598 
Cortisone, 450 

Costal eartilage, 91, 91/, 165, 166/ 
Costimulators, 586, 587/ 
Costovertebral joints, 182/ 

Cough reflex, 612, 636 
Coumadin (warfarin), 478 
Countercurrent meehanism, 737 
Coup, 324 

Covalent bonds 
eovalent molecules, 27 
definition of, 25, 26/ 
double, 25 
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nonpolar, 26 
polar, 26, 26/ 
single, 25 

Covalent molecules, 27 
Coverings of spermatie eord, 776, 778 f 
COX (cyclooxygenase), 476 
Coxal bones 
loeation of, 151 f 18 7f 
in pelvie girdle, 171, 171/ 172, 172/ 
surface anatomy of, 174/ 

Coxal joint, 182 t, 188. See also Hip 
Coxal region, 13/ 

CPR (cardiopulmonary resuscitation), 

166,492 

Cranial eavity, 158—59, 159/ 

Cranial nerves, 329—37. See also speeifie 

nerves 

definition of, 268 
disorders of, 330 

names and fiinetions, 329, 33 lí—336r 
origins of, 329, 330/ 
in parasympathetie division, 410, 

412/413,414/ 

Cranial region, 13/ 

Craniosacral division. See 

Parasympathetie division 
Cranium, 150. See also Skull 
Crazy (fiinny) bone, 316, 350 
C-reactive protein, 581 
Creatine phosphate, 216/ 216—17 
Cremaster muscles, 773, 776, 778/ 
Crest (bone), 150r 

Cretin, 445 

CRH (eortieotropin-releasing 

hormone), 437/, 450, 450/ 
Cribriform plate, 156/ 158, 

159/608/ 

Cricoid eartilage, 608/ 610, 610/ 611/ 
Cricothyroid ligament, 238/ 610/ 
Cricothyrotomy, 613 
Crista (bone), 150í 
Crista ampullaris, 399, 400/ 

Cristae (eelhilar), 48 1, 62/ 64, 64/ 
Crista galli, 152/, 156/ 158, 159/ 
Crohn disease, 680 
Cross-bridge eyeling, 210, 218, 222 
Cross-bridges 

movement of, 209—11, 222 
number of, foree of eontraetion and, 

214, 215/222 

structure of, 200, 201/ 

Crossing over, 771, 836 
Crossmatch, 482 

Cross (transverse) seetion, 14, 16/ 
Crown (tooth), 649—50, 650/ 

Crural region, 13/ 

Crura of elitoris, 791 
Crus of penis, 778/ 779 
Crutch paralysis, 316 

Crypt(s), 673 

Cryptorchidism, 775, 826 

Crystallines, 378 

CSF. See Cerebrospinal fluid 

CT (computed tomography) seans, 

24, 24/ 


Cubital joint, 177, 182 1 
Cuboidal epithelial tissue 
definition of, 79 
fimetions of, 85 
simple, 80/, 82 
stratified, 82, 83 1 
Cuboid bone, 177, 178/ 

Gmeiform bones, 177, 178/ 
Cuneiform eartilage, 610, 610/ 611/ 

Cupula, 400/ 400-401 

Curare, 208 

Cushing syndrome, 451, 451 f 
Cusps (teeth), 649, 650/ 

Cuticle 

ofhair, 113, 114/ 
of nail, 115, 116/ 

CVA (cerebrovascular aeeident), 362. 

See also Stroke 
Cyanosis, 112, 119 
Cyclic adenosine monophosphate 

(eAMP), 431-32, 432/ 

Cyclic guanosine monophosphate 

(eGMP), 432, 433/ 784, 784/ 

Cyclooxygenase (COX), 476 
Cyclosporine, 587, 598 
Cystic duct, 668 

Cystic fibrosis (CF), 616, 677, 841 1 
Cystoscopy, 744 
Cyte eells, 87 
Cytokines 
definition of, 578 
fimetions of, 578, 578/, 581 1 

seeretion of, 580, 586, 587/ 588, 
588/ 592, 593/ 594 

types of, 578, 578í 
Cytokinesis, 71/ 72 

Cytoplasm, 46, 48/, 58/ 58—59 
Cytoplasmic inclusions, 48/, 59 
Cytosine, 40, 41/ 

Cytoskeleton, 48/, 58/ 58—59 
Cytosol, 48/, 58/ 58—59 

CytotoxicT eells 

formation of, 579 
fimetions of, 579, 579/, 583 
naive, 586, 593/ 
proliferation of, 592, 593/ 
stimulation and effeets of, 592, 592/ 
Cytotrophoblast, 811, 812/ 

D 

DAG (diaeylglyeerol), 432 

Daily Referenee Values (DRVs), 698 

Daily Values, 698 

Dalton’s law, 624 

Dark adaptation, 382 

Dartos muscle, 773, 778/ 

Dead spaee, 623 
Deaminization, 708, 710/ 

Deeibels, 395 

Deciduous (primary) teeth, 649, 650/ 
Deelarative memory, 361 
Deeomposition reaetions, 27, 28/ 29 
Decussation, pyramidal, 317, 318/ 

354, 355/ 


Deep, 12, 12 1 

Deep anterior neek muscles, 240 
Deep baek muscles, 241, 242/, 242/ 

Deep faseia (muscular faseia), 

199,200/ 

Deep femoral artery, 528/ 

Deep femoral vein, 545/ 

Deep hip muscles, 255/ 255-56, 

256/, 257/ 

Deep infrapatellar bursa, 189, 190/ 
Deep inguinal ring, 774 
Deep lymphatie vessels, 617 
Deep lymph nodes, 573 
Deep palmar areh, 532/ 540, 540/ 

Deep posterior eompartment muscles 

of leg, 262, 262/ 

Deep posterior neek muscles, 240, 242/ 
Defeeation reflex, 674/ 674-75 

Defense. See Proteetion 
Defensins, 581 1 
Defibrillation, 505 
Degenerative arthritis, 191 
Degenerative tendonitis, 250 
Deglutition (swallowing), 611, 649, 

653, 654/ 

Dehydration, 559-61, 748—50 
Dehydration reaetions, 27, 28/ 
7-dehydroeholesterol, 695 
Delayed hypersensitivity reaetions, 

584, 596 

Delta waves, 360, 361/ 

Deltoid muscle 

aetion of, 248/, 249, 250 1 

attaehment site, 167 
innervation of, 248 1 
insertion of, 248 1 
loeation of, 248/ 249/ 252 f 
origin of, 248 1 

Deltoid mberosity, 167, 169/ 
Denamration, 39 
Dendrites 

neurons elassified by, 270, 271/ 
of olfaetory neurons, 370, 370/ 
stmemre and fimetion, 95, 96/, 

270,270/ 

Dendritie eells 

in antibody-mediated immunity, 

586, 587/ 

in eell-mediated immunity, 592, 593/ 

fimetions of, 579/, 580, 583 
Dendritie spines, 270 
Denervation atrophy, 220 
Dens (odontoid proeess), 163, 164/ 
Dense areas, 221, 221/ 

Dense bodies, 221, 221/ 

Dense eonneetive tissue 
elassifieation of, 88/, 90/, 91 
elastie, 88/, 90/, 91 
irregular, 88/, 90/, 91 
regular, 88, 88/, 90 1 
Dental anesthesia, 336 
Dental arehes, 649 
Dental earies, 650 
Dentate fraemres, 139 
Dentate gyms, 324, 325/ 


Denticulate ligaments, 301, 301/ 
Dentin, 649-50 
Dentoalveolar gomphoses, 179, 

179/, 180/ 

Deoxygenated blood, 617 
Deoxyribonucleic aeid (DNA) 
in ehromosomes, 835 
definition of, 40 
fimetion of, 34/, 40 
mitoehondrial, 64 
in nucleus, 48/, 59-60, 60/ 
replieation of, 68, 70/ 71/ 
stmemre of, 41/ 

Depolarization 

in eardiae muscle, 500-501, 502/ 

503,509-10 

definition of, 205 
at neuromuscular junction, 205/ 

205-7, 207/ 209/ 

of resting membrane potential, 

276-77, 277/ 

Depolarization phase, 279, 279/ 

280/ 500 

Depo-Provera (medroxyprogesterone), 

798 

Depression (movement), 185 
Depression (psyehologieal), 288í 
Depressor anguli oris muscle 
aetion of, 234/, 236 

innervation of, 234í 
insertion of, 234r 
loeation of, 235/ 

origin of, 234r 
surface anatomy, 236/ 

Depressor labii inferioris muscle 
aetion of, 234/, 236 

innervation of, 234r 
insertion of, 234í 
loeation of, 235/ 

origin of, 234r 

surface anatomy, 236/ 

Depth of focus, 380-81 
Depth pereeption, 389 
Dermal papillae, 109/ 112 
Dermal root sheath, 113, 114/ 
Dermatomal map, 310, 310/ 
Dermatome, 310, 312 
Dermis 

eleavage lines, 112/112—13 
definition of, 107, 108/ 
papillary layer, 109/ 109/, 112 
prenatal development of, 820 
reticular layer, 109/ 109/, 112 
striae, 113 

stmemre and fimetion, 109 1 

Deseending aorta, 527, 529/ 533/ 
Deseending eolon, 672/ 673 
Deseending nerve traets, 302/ 

302-3, 353/ 353/, 

353-57 

Desmosomes, 85, 85/ 

Desquamation, 107 
Detoxification, 666, 734 
Detmsor muscle, 744 
Deuterium, 22, 23 
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Development 
definition of, 7 

prenatal. See Prenatal development 
Developmental age, 809 
DEXA (dual-energy x-ray 

absorptiometry), 141 
DHA (docasahexaenoic aeid), 694 
Diabetes mellitus 
eomplieations of, 452—53, 708 

myelin sheath destmetion in, 285 
pathophysiology of, 452 

treatment of, 453, 453 f 
types of, 452 

Diabetie ketoaeidosis (DKA), 452 
Diabetie nephropathy, 746 
Diabetie retinopathy, 387/ 388, 

401, 418 

Diaeylglyeerol (DAG), 432 
Diagnostie blood tests, 482-86. See 

also speeifie tests 

Diameter of blood vessels, 548 
Diaphragm (eontraeeptive), 798, 

798t, 799/ 

Diaphragm (muscle) 

aetion of, 245 1, 245-46, 618, 618/ 

innervation of, 245 1, 310, 310/ 

insertion of, 245í 
loeation of, 4/ 242/ 245/ 529/ 
612/618 
origin of, 245 1 
serous membranes, 16, 17/ 
tmnk eavities, 16, 16/ 17/ 

Diaphragm (pelvie), 244 
Diaphysis, oflongbone, 131, 132/ 
Diarrhea, 681 
Diastole, 506-10, 507/ 

Diastolie pressure, 510, 547, 547/ 
DIC (disseminated intravascular 

coagulation), 485 
Dieneephalon 

basal nuclei in, 323/ 323—24, 

357, 359 

loeation of, 317/ 318/ 319, 320/ 

prenatal development of, 822, 822/ 
stmemre and fiinetion, 

319-21,320/ 

vasomotor eenter, 552/ 552—53 
Diet. See Nutrition 
Differential white blood count, 483 
Differentiation, 7, 72, 810 
Diffhse brain injury, 324 
Diffhse lymphatie tissue, 572, 572/ 
Diffiision 

aeross plasma membrane, 49—51, 

50/ 53 1, 550, 649 
definition of, 49 

of gases 

into and out of liquids, 624 
through respiratory membrane, 

624-25 

in kidneys, 732/ 733 

of nutrients, 676-77 

Diffiision eoeffieient, 625 
Digastrie muscle 
aetion of, 238, 238 1 


innervation of, 238 1 
insertion of, 238 1 
loeation of, 238/ 
origin of, 238 1 
Digestion, 675-81 

ehemieal, 645, 675, 699, 699/ 
definition of, 645, 675 

lymphatie fimetion in, 570 

meehanieal, 645, 675 

speed of, 660 
thermie effeet of, 713 
of three major food types, 676í 
Digestive system, 644-88 
aging and, 683 

anatomy of, 5/ 645, 645/ 

disorders of, 680—81. See also speeifie 
disorders 

endoerine eontrol of, 456, 655, 
656/658 

fihfid volumes in, 680, 683/ 

ffinetions of, 5/645 
histology of, 645-46, 646/ 
innervation of, 269, 409, 412, 413, 
414/420, 646, 658 

interaetions with other systems, 682 

movements in, 646, 653, 654/ 
658-61, 663, 673-74 
in newborn, 833—34 
prenatal development of, 817, 818/ 

820í-82U 825 

seeretions of, 652t. See also speeifie 
organ or substance 

smooth muscle in, 412, 645, 646/ 
655, 656/658, 662/ 

summary and review, 683-88 

Digestive traet, 645 
Digit(s), ofhand, 171, 171/ 

Digital arteries, 531, 532/ 535/ 536 

Digital region, 13/ 

Digital veins, 540, 540/ 545/ 
Diglyeerides, 34 
Dihydrogen phosphate, 756 
Dilator pupillae muscles, 376, 377/ 
Dipeptidases, 679 
Dipeptide, 37 

Diploid (2rì) number of ehromosomes, 

68, 771,809 

Direet inguinal hernia, 775 
Direetional terms, 11/ 11—12, 12 1 
Direet pathways, 354, 354/ 355/ 
Disaeeharidases, 663, 675 
Disaeeharides, 33, 3 4t, 35/ 

Disloeation 
hipjoint, 189 
shoulder joint, 187 

Disseminated intravascular coagulation 

(DIC), 485 

Dissoeiation of ionie compounds, 

27, 28/ 

Distal, 11/ 12, 12í 

Distal convoluted tubule 

loeation of, 725, 726/ 727/ 728/ 
reabsorption in, 733-34 
Distal phalanx 
of finger, 171/ 


of thumb, 171/ 
of toe, 178/ 

Distant vision, 380, 380/ 

Distributing arteries, 525 
Disuse atrophy, 220 

Diuretics, 553, 735 
Divergent pathways, 294, 294/ 
Dizygotie (fraternal) twins, 810 
DKA (diabetie ketoaeidosis), 452 
DMD (Duchenne muscular 

dystrophy), 219, 84 ìt 
DNA. See Deoxyribonucleic aeid 
Docasahexaenoic aeid (DHA), 694 
Domain, of amino aeids, 39 
Dominant genes, 837—38, 841/, 842/ 
Donor, blood, 480 
Dopamine 

autonomic seeretion of, 413, 418 
disorders involving, 289/, 329, 359 
for shoek, 418 

structure and fimetion, 289 1 
Dorsal, 11/ 12, 12í 
Dorsal artery of penis, 778/ 

Dorsal (posterior) column, 302, 302/ 
Dorsal column/medial lemniseal 

system, 346/, 347-48, 348/ 

Dorsal (posterior) horn, 302/ 

303, 304/ 

Dorsalis pedis artery, 528/ 535/ 536 
Dorsal nerve of penis, 778/ 

Dorsal rami, 311, 311/ 315/ 

Dorsal region, 13/ 

Dorsal respiratory group, 631, 631/ 
Dorsal root, 302 f, 303, 30 Af, 

311, 311/ 

Dorsal root (spinal) ganglion, 302/ 

303, 304/311,311/ 

Dorsal veins of foot, 545/ 

Dorsal venous areh, 545/ 

Dorsiflexion, 183, 184/ 

Double eovalent bond, 25 
Double helix structure of DNA, 40, 41/ 
“Dowager’s hump,” 140 
Down-regulation, 429 
Down syndrome, 362, 836, 841 1 
Drug(s). See also speeifie dmgs 
autonomic nervous system and, 417 
blood-brain barrier and, 329 
excretion of, 734 
Dmg addietion, 289 1 
DRVs (Daily Referenee Values), 698 
Dual-energy x-ray absorptiometry 

(DEXA), 141 

Duchenne muscular dystrophy 

(DMD), 219, 841* 

Duct(s). See also speeifie ducts 

bile, 412, 662/668, 670/ 

gallbladder, 668/ 

liver, 664£ 665, 665 f, 667 f, 

668 , 668 / 

male reproductive, 776-79, 778/ 

panereatie, 662/ 668/ 670, 670/ 

Ductus arteriosus, 497, 832/ 832—33 

Ductus (vas) deferens 
ligation of, 799/ 800 


loeation of, 770/ 773/ 774/ 778/ 

prenatal development of, 826, 827/ 
structure and fimetion, 776 
Ductus venosus, 831, 832/ 

Duodenal glands, 661, 662/ 663 
Duodenal papilla, 668, 668/ 

670 , 670 / 

Duodenal ulcers, 680 
Duodenocolic reflex, 673, 674/ 
Duodenum 

anatomy and histology of, 661, 

662/ 670/ 
digestion in, 67 6t 

fimetion of, 658, 659/ 660 
loeation of, 648/ 656/ 661/ 670/ 
Dural folds, 325/ 326 
Dural venous simises, 325/ 326, 536 
Dura mater, 300, 301/ 309/ 

324-25, 325/ 

Dwarfism, 138, 439 
Dynamie balanee, 398-400 
Dyslexia, 363 
Dystrophin, 219 

E 

Ear(s) 

aging and, 401 
anatomy of, 389-92, 390/ 
auditory fimetion, 395-97 
disorders of, 389, 395, 397, 402. See 

also speeifie disorders 
Eardmm. See Tympanie membrane 
Early eell division, 810—11, 811/ 

Early repolarization phase, 500, 502/ 
Eeeentrie eontraetions, 214 
Eeerine sweat glands, 114-15, 115/ 
ECG (eleetroeardiogram) 
during eardiae eyele, 508/ 

508-9, 509* 

deseribed, 492, 505—6, 506/ 
Eetoderm, 78, 815, 815/ 816* 

Eetopie focus, 504—5 
Eetopie pregnaney, 800 
ED (ereetile dysfimetion), 29 \t, 784 
Edema, 8/97, 551, 556, 748 

EEG (eleetroeneephalogram), 

360, 361/ 

Effeetor, 8 

Effeetor organ, 304, 305/ 

Efferent arterioles, 725, 727/ 728/ 
Efferent (motor) division, 268-69, 

329, 352—58. See also Motor 

neurons 

Efferent ductules, 774, 774/ 

Efferent lymphatie vessels, 573/ 574 
EGF (epidermal growth faetor), 815 
Eieosanoids 

as ehemieal messengers, 458 
as neurotransmitters, 413 
types and fimetions of, 34*, 36, 476, 
693-94 

Eieosapentaenoie aeid (EPA), 694 
Eisenmenger syndrome, 823 
Ejaculation, 783-84 
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Ejaculatory duct, 773/ 776, 778/ 

EKG (eleetroeardiogram) 
during eardiae eyele, 508/ 

508-9, 509í 

deseribed, 492, 505—6, 506/ 

Elastie arteries, 523, 524/ 525 
Elastie eartilage 
elassifieation of, 88í 
structure and fiinetion, 91, 92 t 
Elastie eonneetive tissue 
elassifieation of, 88í 
structure and fiinetion, 90 1, 91 
Elastie fibers, 87 
Elastieity, 198 
Elbow (elbowjoint) 
arteries of, 528/ 531, 532/ 

disorders of, 188, 253 

as hinge joint, 182 t, 183 

muscles moving, 250—51, 251 1, 252/ 

oleeranon proeess as, 168 

structure and fiinetion, 187/ 187-88 

veins of, 537/ 539-41, 540/ 541/ 
Eleetrieal aetivity of heart, 500—506 
Eleetrieal synapses, 285, 500 
Eleetrie energy, 29 

Eleetrie signals. See Aetion potential(s) 
Eleetroeardiogram (ECG or EKG) 
during eardiae eyele, 508/ 

508-9, 509í 

deseribed, 492, 505—6, 506/ 
Eleetroeneephalogram (EEG), 

360, 361/ 

Eleetrolytes 

definition of, 27, 753 

in extracellular fluid, 722, 753—55 
Eleetromagnetie (radiant) energy, 29 
Eleetromagnetie speetmm, 379, 379/ 
Eleetron(s) 
bonding of 
eovalent, 25—26, 26/ 

ionie, 24-25, 25 t, 25/ 

structure of, 23, 23/ 

Eleetron cloud, 23, 23/ 

Eleetron mieroseopes, 46 
Eleetron-transport ehain, 217, 

706, 706/ 

Elements 

atoms of, 22 t, 22—23 
definition of, 22 
symbols for, 22 t, 23 

Elephantiasis, 573 
Elevation movement, 185 
Ellipsoid joints, 182 t, 183 
Embolism, 531 

Embolus (pl, emboli), 362, 478, 526 
Embryo 

definition of, 788, 809 
growth of, 809-27, 819/ 828/ 
Embryonie eonneetive tissue, 88, 88 t 
Embryonie disks, 811, 811/ 812/ 

815,815/ 

Embryonie stem eells, 98-99, 

810,813 

Embryo transfer, 812 
Emission, 783-84 


Emmetropia, 380 
Emphysema, 623, 635, 636 
Emulsification, 677 
Enamel, 650, 650/ 

Encapsulated lymphatie tissue, 572 
End-diastolie volume, 509, 511 
Endoeardmm, 493, 493/ 

Endoehondral ossifieation, 134, 135/ 
Endoerine eells, 655, 656/ 661 
Endoerine glands, 86, 426, 426/ 442 t. 

See also speeifie glands 

Endoerine system, 6/ 425—65 
aging and, 458 

as amplitude-modulated system, 

427, 428/ 

eompared to nervous system, 

426-28, 42 7t, 428/ 

disorders of, 426. See also speeifie 
disorders 

fimetions of, 426 
general eharaeteristies of, 426-28 
hormone reeeptors, 429—34 
hormone seeretion, 428—29. See also 
Hormone(s) 
hypothalamus in, 321 
immunity regulated by, 426, 598 
interaetions with other systems, 459 
prenatal development of, 

820/--821/, 823 
summary and review, 460-65 
Endoeytosis 

eompared with other transport 
meehanisms, 53 t 
deseribed, 56/ 56—57 
in digestion, 679 

reeeptor-mediated, 57, 57/ 
Endoderm, 78, 815, 815/ 81 Gt 

Endolymph 

auditory fimetion, 396, 396/ 

balanee fimetion, 399, 399/ 400/ 
400-401 

loeation of, 391, 392/ 393/ 
Endometriosis, 785 
Endometrium (mucous membrane), 

786/ 790, 794-96, 795/ 800 

Endomysium, 199, 200 f 
Endoneurium, 309, 309/ 

Endoplasmie reticulum (ER) 
of neurons, 269 

structure and fimetion, 48 1, 60, 61/ 
Endorphins, 29 lt, 292 
Endosteum 

in bone growth, 137, 137/ 
in long bones, 131, 132/ 
structure and fimetion, 391, 

392/ 393/ 

Endothelin, 475 
Endothelium, 524/ 525, 550 
End-systolie volume, 509, 511 
Energy 

aetivation, 39-40, 49/ 
cellular use of, 46 
ehemieal, 29-31, 30/ 
definition of, 29 

from fats, 34, 34í 


free, 713 

kinetie, 29 

meehanieal, 29 

metabolie rate and, 712 

for muscle eontraetion, 216/ 216—17 

potential, 29—31, 30/ 

sources of, 699, 699/ 

Energy expenditure, 713 

Enkephalins, 292, 413 

ENS (enterie nervous system) 

deseribed, 269, 409, 646 

interaetion with eentral nervous 

system, 412, 420, 658 
Enterie nervous system (ENS) 

deseribed, 269, 409, 646 

interaetion with eentral nervous 

system, 412, 420, 658 
Enterie neurons, 412, 420, 646 
Enterie plexus, 646, 646/ 

Enteritis, 680 

Enteroehromaffin-like eells, 655, 658 
Enzymatie eomponent, 671 
Enzyme(s). See also speeifie enzymes 

aetion of, 34 1, 39/ 39-40, 40/ 

definition of, 39 

G proteins and, 431—32, 432/ 
membrane-bound reeeptors and, 

432-33, 433/ 

in newborn, 833—34 

in plasma membrane, 47 

rate of ehemieal reaetions and, 31 

re-use of, 40, 40/ 

Eosinophils 
definition of, 580 

fimetions of, 474, 579 t, 580, 

590/ 591 

EPA (eieosapentaenoie aeid), 694 
Ependymal eells, 272, 272/ 327 

Epiblast, 812/815, 815/ 

Epicardium, 493, 493 f 

Epieondyle(s) 
definition of, 150 1 
lateral 

offemur, 175, 175/ 176/ 

of humerus, 168, 169/ 254/ 
medial 

offermir, 175, 175/ 176/ 

of humerus, 168, 169/ 254/ 
Epieondylitis, lateral, 253 
Epieranial aponeurosis (galea), 

235/ 237/ 

Epidermal growth faetor (EGF), 815 
Epidermis 
eells of, 107 

definition of, 107, 108/ 
keratinization in, 107, 110, 110/ 
prenatal development of, 820 
strataof, 107-10, 109/ 109 t, 110/ 
structure and fimetion, 109í 
Epididymis 

loeation of, 770/ 773/ 774/ 778/ 

prenatal development of, 826, 827/ 
structure and fimetion, 776 
Epidural anesthesia, 301 
Epidural hematomas, 324 


Epidural spaee, 300, 301/ 325 
Epiglottis, 608/ 610, 610/ 611/ 653 
Epilepsy, 359, 363 
Epimysium, 199, 200/ 201/ 
Epinephrine (adrenaline) 
effeet on eardiae muscle, 513, 514/ 

fiinetions of, 442 1, 447—49 

reeeptors for, 415 

seeretion of, 410, 442/, 447 

smooth muscle regulation by, 221 

vasomotor effeets of, 553, 556, 556/ 
Epineurium, 309, 309/ 

Epiphyseal line, 131, 132/ 

Epiphyseal plate 
definition of, 179/, 180 
growth at, 136, 136/ 137/ 
in long bones, 131, 132/ 

Epiphysis, 131, 132/ 

Episiotomy, 792 
Epithalarmis, 320/ 320—21 
Epithelial barriers, 580 
Epithelial root sheath, 113, 114/ 
Epithelial tissue (epithelium) 
ofblood vessels, 524/ 525, 525/ 
eharaeteristies of, 78, 79/ 
elassifieation of, 79—82, 80/--81/, 

83/-84í 

definition of, 78 

of digestive traet, 645-46, 646/ 652, 
655, 661, 662/ 

of epidermis, 100/ 100-101, 107 
of eye, 376, 377/ 378, 381-82 
fimetions of, 79 
glands, 86, 86/ 87/ 

of heart wall, 493, 493/ 
of inner ear, 398, 399 

of kidney, 80/, 82, 725 
olfaetory, 370, 370/ 
regrowth of, 99 
of respiratory system, 609, 

612-15, 615/ 

structure-function relationships, 81/, 
82, 85/ 85-86 
taste buds in, 371, 372/ 
of urinary system, 743, 743/ 
Epitopes (antigenie determinants), 584 
EPOC (excess post-exercise oxygen 

consumption), 217 
EPSP (excitatory postsynaptie 

potential), 291,292/293, 

293/ 304 

Equilibrium, 29 

Equilibrium (balanee), 398-401 
ER (endoplasmie reticulum) 
of neurons, 269 

structure and fimetion, 48/, 60, 61/ 
Ereetile dysfimetion (ED), 291/, 784 
Ereetile tissue 

female, 791, 797 
male, 778/ 779, 784 
Ereetion (penile), 779, 783-84, 784/ 

Ereetor spinae muscles 
aetion of, 241, 242 1 
innervation of, 2A2t 
insertion of, 2A2t 
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loeation of, 242/ 
origin of, 242t 
Ergosterol. See Vitamin D 
Erythema, 112 

Erythroblastosis fetalis, 481/ 481-82 
Erythroeytes. See Red blood eells 

Erythroeytosis, 483, 484 
Erythropoiesis, 469, 470 f, 472, 472f 
Erythropoietin, 438, 472—73, 722 

Esophageal phase (swallowing), 

633, 654/ 

Esophageal sphineter, 656/ 

Esophagus 

loeation of, 4/ 608/ 645/ 652, 656/ 

seeretions of, 652t 
structure and function, 652—53 
Essential amino aeids, 694 
Essential fatty aeids, 694 
Essential (idiopathie) 

hypertension, 553 
Essential nutrients, 690 
Essential vitamins, 695 
Estrogen(s) 
bone growth and, 138 
in eontraeeptives, 798-800 

functions of, 3 4t, 442 1, 458, 782r 

during labor, 830—31, 831/ 
during laetation, 834 
during menopause, 800—801 
during menstrual eyele, 

794-96, 795/ 

osteoporosis and, 140, 141 
during pregnaney, 814, 814/ 
at puberty, 793 
seeretion of, 442 1, 457 
structure of, 37/ 

Ethanol (aleohol), 735, 823 

Ethmoidal labyrinth (sinuses), 

156, 157/ 

Ethmoid bone 
in brainease, 151 
in eranial eavity, 158, 159/ 
feamres on, 152 1 
openings in, 158 1 
in orbits, 155/ 
perpendicular plate of, 154/ 

155, 156/ 

Etymology, 11 

Eustachian (pharyngotympanie or 

auditory) tube, 390/ 390-91, 
391/608/ 

Evaginations, 817, 818/ 823, 

825, 825/ 

Evaporation, 713/ 714 

Eversion of foot, 177, 177/ 186, 186/ 

Evista (raloxifene), 141 

Excess post-exercise oxygen 

consumption (EPOC), 217 
Excitability, 198 

Excitation-contraction coupling, 

208-9 

Excitatory neurons, 291, 293, 304 
Excitatory postsynaptie potential 

(EPSP), 291, 292/ 293, 

293/ 304 


Excitotoxicity, 290/, 303 

Excretion 

of hormones, 428—29, 443, 467 

by kidneys, 722 
by liver, 734 

by skin, 107, 119 
Excursion movement, 185 
Exercise 

blood flow during, 552, 561 
digestion and, 660 
effeets on heart, 517 
endoerine hmetion during, 456 
heart rate during, 512 
muscle fiber types and, 219 
muscular hypertrophy and, 219-20 
muscular pain from, 214 
osteoporosis and, 141 
oxygen consumption after, 217 
respiratory adaptations to, 628, 628/ 

635, 636-38 

Exhalation (expiration), 618/ 

618-22, 620/ 

Exocrine glands. See also speeifie glands 
elassifieation of, 86, 87/ 
structure of, 86, 86/ 

Exocytosis, 53 1, 57/ 57-58 
Exons, 66 

Exophthalmos, 445, 445/ 

Expiration (exhalation), 618/ 

618-22, 620/ 

Expiratory reserve volume, 622, 638 
Expressive aphasia, 358 
Expressive (Broeas) aphasia, 358 
Extensibility, 198 
Extension, 183, 184/ 

Extensor earpi radialis brevis muscle 
aetion of, 253 1 
innervation of, 253/, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Extensor earpi radialis longus muscle 
aetion of, 253 1 
innervation of, 253/, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 
Extensor earpi ulnaris muscle 
aetion of, 253 1 
innervation of, 253/, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Extensor digiti minimi muscle 
aetion of, 253 1 
innervation of, 253/, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Extensor digitomm longus muscle 
aetion of, 260 1 
innervation of, 260t 
insertion of, 260t 
loeation of, 261/ 
origin of, 260 1 


Extensor digitomm muscle 
aetion of, 253 1 
innervation of, 253 1, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Extensor hallucis longus muscle 
aetion of, 260 1 
innervation of, 260t 
insertion of, 260t 
loeation of, 261/ 
origin of, 260t 

Extensor indieis muscle 
aetion of, 253 1 
innervation of, 253/, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Extensor pollieis brevis muscle 
aetion of, 253 1 
innervation of, 253 1, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Extensor pollieis longus muscle 
aetion of, 253 1 
innervation of, 253/, 313/ 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

External abdominal oblique muscle 

aetion of, 241, 243 1 
innervation of, 243 1 
insertion of, 243 1 
loeation of, 243/ 247/ 249 f 
origin of, 243 1 

External acoustic (auditory) meatus, 

153, 153/ 158/, 187/390/ 

External anal sphineter, 672/ 

673-74, 674/ 

External anal sphineter muscle, 244 
aetion of, 2 44t 
innervation of, 2 44t 
insertion of, 2 44t 
loeation of, 244/ 
origin of, 2 44t 

External callus, 141, 142/ 

External earotid arteries, 527, 

528/ 530/ 

External ear 

auditory hmetion, 395-96 
stmemre of, 389, 390/ 

External genitalia 

female, 791, 791/ 827, 828/ 
male, 773, 827, 828/ 

External hydrocephalus, 327 

External iliae artery, 528/ 533/ 

534, 535/ 

External iliae vein, 537/ 541, 

543 f 545/ 

External intereostalis muscles 

aetion of, 245/, 246 
innervation of, 245 1 
insertion of, 245 1 
loeation of, 245/ 


origin of, 245 1 

ventilatory hinetion of, 618, 618/ 

External jugular veins, 537/ 538/ 539 
External nose, 607, 607/ 

External oeeipital promberanee, 

152-53,153/ 

External spermatie faseia, 776, 778/ 
External urethral sphineter, 744 
External urethral sphineter muscle, 244 
Extracellular fluid. See also speeifie fluids 

eleetrolytes in, 722, 753—55 
osmolality of, 750, 751/ 
vohime of, 750—51 
Extracellular fluid eompartment, 

748, 748t 

Extracellular matrix 
aging and, 102 
of eonneetive tissue, 87-88 
definition of, 78 

Extracellular pathogens, 580-83, 585/ 
Extracellular substances, 46 
Extraembryonic tissue, 811, 812/ 
Extrinsic muscles 

of eye, 374/, 374-75, 375/ 

of foot, 260/, 261 
of hand, 254/ 255 

of tongue, 239, 239/ 239 1 
Extrinsic pathway (elotting), 477, 477/ 
Extrinsic regulation of heart, 512—13 
Eye(s) 

aeeessory stmemres of, 372-75, 373/ 
aging and, 380, 386, 388, 401 
anatomy of, 375-79, 376/ 377/ 

ehambers of, 378 

eolor of, 377 

definition of, 372 
disorders of, 386—88, 389/ See also 
speeifie disorders 
extrinsic muscles of, 374/, 

374-75, 375/ 

focusing system of, 379-81, 380/ 
hinetions of, 379 
injuries to, 376 
innervation of, 375 

intrinsie muscles of, 376-77, 377/ 

prenatal development of, 823 

Eyeball, 372, 375-77, 376/ 

Eyebrows, 373, 373/ 

Eyedrops, pupil-dilating, 418 
Eyeglasses, 386, 386/ 

Eyelashes, 373, 373/ 

Eyelids, 373, 373/ 

F 

Faee, prenatal development of, 

817-19,819/ 

Faeet (bone), 150í 
Faeial artery, 530/ 

Faeial bones, 151 

Faeial expression, muscles of, 234/, 

234-36, 235/236/ 

Faeial (CN VII) nerve 
disorders of, 330, 333 1 
foramen or fissure of, 158/, 333 1 
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functions of, 329, 333 1, 398 
origin of, 329, 330/ 

parasympathetie division from, 410, 

413,414/ 

reflexes, 336 

taste pathway, 372, 390, 390/ 

Faeial palsy (Bell palsy), 330, 

333 1, 336 

Faeial pimples, meningitis and, 339 
Faeial vein, 537/ 538/ 539 

Faeilitated diffhsion 

deseribed, 53 1, 54, 54/ 
in kidneys, 732/ 733 

of nutrients, 676-77 
F aetin (fibrous aetin), 200, 201/ 
FADH 2 , 705-6 

Faleiform ligament, 647, 648/ 664/ 

Fallopian tubes. See LJterine tubes 
False pelvis, 173 
False ribs, 165, 166/ 

False voeal eords (vestibular folds), 

608/610, 610/611/ 

Family tree (pedigree), 842, 842/ 
Famotidine (Pepeid), 658 
Far point of vision, 380 
Farsightedness (hyperopia), 386, 386/ 
Faseia, 199, 200/ 722, 723/ 

Faseieles, 309, 309/ 

Fasciculi (traets or pathways), 273, 

302,302/ 

Faseiitis, plantar, 262 
Fast-twitch glyeolytie (FG) fibers, 

218 t, 218-19 

Fast-twitch oxidative (FOG) fibers, 

218,218 1 

Fat(s), 34, 34 í. See also Lipid(s) 

absorption of, 570 

dietary, 69 ìt, 693-94, 712 
Fatigable fibers, 218/, 218—19 
Fatigue, 215—16 

Fatigue-resistant fibers, 218/, 218—19 
Fat pad syndrome, 188 
Fat-soluble vitamins, 677, 695, 69 St 
Fatty aeids 

blood elotting and, 694 
dietary sources of, 693 

digestion of, 677, 677/ 
as energy source, 456 
essential, 694 
free, 707 

as neurotransmitters, 413 
in triglyeeride formation, 34, 

677, 677/ 

types of, 34, 35/ 36, 36/ 693 
Fauces, 647, 649/ 

Feees, 673-74, 674/ 

Female genitalia (genitals), 791, 791/ 

827,828/ 

Female infertility, 780, 785 
Female pelvie floor muscles, 244, 

244/ 2 AAt 

Female pelvis, 174, 174/, 174/ 

Female pronucleus, 809, 810/ 

Female reproductive system 
aging and, 800-801 


anatomy of, 6/ 770/ 785-93, 786/ 
ffmetions of, 770—71 

interaetions with other systems, 802 

physiology of, 793-801 

prenatal development of, 820/--821/, 

826-27, 827/ 828/ 

during puberty, 793-94 
summary and review, 803—7 
Female sex eharaeteristies, 793-94 
Female sexual behavior, 797, 

800,801r 

Femoral artery, 528/ 535, 535/ 

Femoral neek 

deseribed, 174, 175/ 

fracture of, 175 
Femoral nerve 

cutaneous distribution, 314/, 315/ 
in himbosaeral plexus, 314/, 315 
muscles innervated by, 314r 
Femoral region, 13/ 

Femoral triangle, 536 

Femoral vein, 537/ 542, 545/ 

Femur 

deseribed, 174—76, 175/ 

at hip joint, 171/ 187/ 
at knee joint, 190/ 
loeation of, 151/ 176/ 
surface anatomy, 174/ 

Fenestrae, 550, 725, 727/ 

Fertilization 

ehromosomes during, 771 

events in, 780, 787-88, 788/ 797, 
797/800, 809, 810/ 

hormones released after, 796, 814 
in vitro, 812 

Fetal aleohol syndrome, 823 
Fetal arteriole, 813/ 

Fetal circulation, 811, 813/ 

831-32, 832/ 

Fetal heart rate, 830 
Fetal venule, 813/ 

Fetus 

definition of, 788, 809, 827 
growth of, 827—29, 828/ 

FEV^ (foreed expiratory volume in 

1 seeond), 623 

Fever, 583, 716, 717 

FGF (fibroblast growth faetor), 815 
FG (fast-twitch glyeolytie) fibers, 218/, 

218-19 

Fiber, dietary, 692 
Fibrillation, 504/, 505 
Fibrin, 467, 476, 477, 582 
Fibrinogen, 467, 582 
Fibrinogen reeeptors, 476 
Fibrinolysis, 478, 478/ 

Fibroblast(s), 87 

Fibroblast growth faetor (FGF), 815 
Fibroeartilage 
elassifieation of, 88í 
structure and ffmetion, 91, 92 1 
Fibroeystie ehanges in breast, 792 
Fibroeytes, 87 
Fibrosis 

eystie, 616, 677, 841 1 


definition of, 99 
pulmonary, 636 

Fibrous aetin (F aetin), 200, 201/ 
Fibrous capsule of synovial joint, 

181, 181/ 

Fibrous joints 

deseribed, 178—79 

gomphoses, 179, 179/, 180/ 

sutures, 178-79, 179/, 180/ 

syndesmoses, 179, 179/, 180/ 
Fibrous layer 

of eye, 375, 376/ 

of synovial joint, 181/ 

Fibrous pericardium, 492/ 492-93 
Fibrous rings, 499 
Fibrous skeleton of heart, 499 
Fibula 

at anklejoint, 177, 178/ 

deseribed, 176—77 

at knee joint, 190/ 

loeation of, 151/ 171/ 176/ 

Fibular (peroneal) artery, 528/ 

535/ 536 

Fibular (lateral) eollateral ligament, 

188/ 189, 190/ 

Fibularis brevis muscle 
aetion of, 260 1 
innervation of, 260í 
insertion of, 260 1 
loeation of, 261/ 
origin of, 260í 
Fibularis longus muscle 
aetion of, 260 1 
innervation of, 260t 
insertion of, 260t 
loeation of, 261/ 
origin of, 260 1 
Fibularis tertius muscle 
aetion of, 260t 
innervation of, 260t 
insertion of, 260t 
loeation of, 261/ 
origin of, 260t 

Fibular veins, 537/ 542, 545/ 

Fight-or-flight response, 421, 

447-49 

Filtrate, 725, 735-37, 736/ 
Filtration, 551, 728/ 728-31 
Filtration membrane, 725, 727/ 729 
Filtration pressure (FP), 730, 730/ 
Filtration slits, 725 
Filum terminale, 300/ 301 
Fimbriae, 786/ 790 
Final repolarization phase, 500, 502/ 
Finger(s), muscles moving, 253/, 

253-55, 254/ 

Fingernails. See Nail(s) 

First-degree burns, 116, 117/ 

First heart sound, 510, 510/ 

Fissure (bone), 150í 
Fixators (muscle), 230 
Fixed end (origin), 230 

(ph, 

of sperm eells, 774/ 776 
structure and ffmetion, 48/, 65 




Flat bones, structure of, 131 
Flat feet, 189 
Flatus, 673 
Flexion, 183, 184/ 

Flexor earpi radialis muscle 
aetion of, 253 1 
innervation of, 253 1 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 
tendon of, 255 
Flexor earpi ulnaris muscle 
aetion of, 253 1 
innervation of, 253 1 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Flexor digitomm longus muscle 
aetion of, 260t 
innervation of, 260t 
insertion of, 260 1 
loeation of, 262/ 
origin of, 260t 

Flexor digitomm profundus muscle 
aetion of, 253 1 
innervation of, 253 1 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 

Flexor digitomm superficialis muscle 
aetion of, 253 1 
innervation of, 253 1 
insertion of, 253 1 
loeation of, 254/ 
origin of, 253 1 
Flexor hallucis longus muscle 
aetion of, 260t 
innervation of, 260t 
insertion of, 260t 
loeation of, 262/ 
origin of, 260t 
Flexor pollieis longus muscle 
aetion of, 253í 
innervation of, 253 1 
insertion of, 253 1 
origin of, 253 1 

Flexor (withdrawal) reflex, 308, 308/ 
Floating ribs, 165, 166/ 
Flocculonodular lobe, 318, 319/ 357 
Fluid-mosaic model, 46, 49/ 

Fluid shift meehanism, 559—61 
Fluid volume 

in digestive traet, 680, 683/ 
extracellular, regulation of, 750—51 
interstitial, regulation of, 550—52, 

551/ 559-61 

Fluorine 

defieieney of, 697 1 
fimetions of, 6071 
referenee daily intake, 6071 
Foeal brain injury, 324 
Foeal point (FP), 379, 380/ 

Focusing system of eye, 379—81, 380/ 
FOG (fast-twitch oxidative) fibers, 

218, 218í 
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Folate 

defieieney of, 484, 696í, 817 

fiinetions of, 696í 
red blood eell production and, 472 
referenee daily intake, 69 6t 
sources of, 696í 

Folia, 318, 319, 319/ 

Folliele(s) 

hair, 108/ 113, 114/ 

ovarian. See Ovarian follieles 

thyroid, 441, 441/ 442r 

Follicle-stimulating hormone (FSH) 

effeets of, 440 1, 782r 

in female reproductive system, 782 t, 

793-96, 793/ 

in male reproductive system, 780, 

781/782r 

Follicle-stimulating hormone (FSH) 

surge, 794, 793/ 

Fontanels, 134, 179, 180/ 

Food. See Nutrients 
Foot 

arehes of, 177, 178/ 189 

arteries of, 528/ 535/ 535-36, 536/ 

bones of, 151/ 171/ 177, 178/ 

dorsiflexion of, 183, 184/ 
inversion and eversion, 186, 186/ 
muscles moving, 260 t, 261—62, 262/ 
plantar flexion of, 183, 184/ 

veins of, 537/ 542, 545/ 546, 546/ 

Foramen (pl., foramina). See also 

speeifie foramen 
definition of, 150, 150í 
Foramen laeemrn, 158í 
Foramen magnum 
in eranial eavity, 158, 159/ 

inferior view, 156—57, 157/ 

structures passing through, 158í 
Foramen ovale 

in fetal circulation, 832, 832/ 
loeation of, 157/ 159/ 
prenatal development of, 823, 824/ 
structure and fimetion, 495 
structures passing through, 158í 
Foramen rotundum, 158/, 159/ 
Foramen spinosum, 158/, 159/ 

Foreed expiratory vital eapaeity, 623 
Foreed expiratory volume in 1 seeond 

(FEVfi, 623 

Forearm 

anatomy of, 168, 169/ 

arteries of, 528/ 531, 532/ 
bones of, 151/ 167/ 168-69, 170/ 

definition of, 12 

muscles moving, 250—51, 251/, 252/ 
aeting on wrist, hand, and fingers, 

253 t, 253-55, 254/ 
veins of, 537/ 539-41, 540/ 541/ 

Forebrain (proseneephalon), 822, 822/ 
Foregut, 817, 818/ 

Foreign antigens, 578, 585, 585/ 
Foreskin (prepuce), 773/ 779, 828/ 
Formed elements (blood), 467—75 
production of, 126, 469, 470/ 584 
structure and fimetions, 469/, 471/ 


Fornix, 324, 325/791 

Forteo (teriparatide), 141 
Fosamax (alendronate), 141 
Fossa (bone), 150í 
Fossa ovalis, 495, 832, 833/ 

Fourth ventriele, 326, 327/ 

Fovea eapitis, 175/ 

Fovea eentralis, 378, 378/ 384 
FP (filtration pressure), 730, 730/ 
Fractures 

elosed, 139 
Colles, 169 

comminuted, 139, 139/ 

eomplete, 139, 139/ 

eomplieated, 139 
compound, 139 
dentate, 139 
femoral neek, 175 
greenstiek, 139 
hairline, 139 

impaeted, 139, 139/ 

ineomplete, 139, 139/ 
linear, 139 
malleoli, 177, 177/ 

oblique, 139, 139/ 
open, 139 

radius, 169 

repair of, 141-42, 142/ 

simple, 139 

spiral, 139, 139/ 

stellate, 139 
tibial, 261 

transverse, 139, 139/ 

Fraternal (dizygotie) twins, 810 

Freekles, 111 

Free eell surfaces, 81/, 85 

Free energy, 713 

Free fatty aeids, 707 

Free nerve endings, 345, 345/ 

Free radieals, 695 

Free ribosomes, 48/, 60 

Free surface, of epithelial tissue, 78, 79/ 

Frenulum, 239/ 649, 649/ 

Frequency-modulated signals, 

427-28, 428/ 

Frequency summation, 212—13, 213/ 
Frontal bone 

anterior view, 154, 154/ 155/ 156/ 

in brainease, 151 
in eranial eavity, 159/ 
lateral view, 153/ 154/ 
openings in, 158í 
superior view, 152, 152/ 

Frontal (anterior) fontanel, 180/ 

Frontal lobe, 321, 322/ 349, 354 
Frontal plane, 13—14, 15/ 

Frontal region, 13/ 

Frontal sinus, 156, 156/ 157/ 608/ 
Frontonasal proeess, 817, 819/ 
Frostbite, 118, 717 
Fmetose, 33, 34/, 35/ 692 

FSH. See Follicle-stimulating hormone 
Fulcrum, 231, 231/ 

Full-thickness burns, 116-17, 117/ 
Functional residual eapaeity, 622 


Functional unit of kidney. See Nephron 
Fundus 

of stomaeh, 653, 656/ 

of uterus, 786/ 790 
Funiculi (columns), 302, 302/ 

Funny bone, 316, 350 

G 

GABA (gamma-amino butyric aeid), 

289/-290í 

G aetin (globular aetin), 200, 

201/209/ 

Gag reflex, 337 
Galaetose, 692 
Gallbladder 
ducts of, 668/ 
innervation of, 412 
loeation of, 4f, 645f 648f 664, 

664/ 668 

stmemre and fimetion, 668-69 

Gallstones, 669, 669/ 

Gametes (sex eells). See also Ooeytes; 

Sperm eells 

ehromosomes in, 771, 787, 809, 

835-36 

stmemre and fimetion, 68, 771 
Gamma-amino butyric aeid (GABA), 

289/-290í 

Gamma globulins, 589 

Gamma (y) subunit, 430, 431/ 432/ 

Ganglia, 273 

Ganglion eells (retina), 381/ 381-82, 

384, 388 

Ganglionie bloeking agents, 417 
Gangrene, 526 
Gap junctions, 85/ 86 
Gases. See also speeifie gases 
in blood. See Blood pH 
blood transport of, 467, 523, 

625-31 

diffhsion of 

into and out of liquids, 624 
through respiratory membrane, 

624-25 

partial pressure of, 624, 62At 
Gas exchange, in lungs, 607, 624-25, 

626/ 630/ 638 
Gastrie arteries, 531—32, 533/ 

Gastrie glands, 655, 656/ 657/ 

Gastrie juice, 655—58 
Gastrie lipase, 652t 
Gastrie phase, 658, 659/ 

Gastrie pits, 655, 656/ 

Gastrie ulcers, 680 

Gastrie veins, 543/ 

Gastrin 

fimetions of, 458, 652t 

as neurotransmitter, 413 

seeretion of, 458, 652/, 658, 659/ 
Gastrocnemius muscle 
aetion of, 260/, 262 
innervation of, 260í 
insertion of, 260í 
loeation of, 261/ 262, 262/ 


origin of, 260í 
tendon of, 262/ 

Gastroeolie reflex, 673, 674/ 
Gastroesophageal opening, 653, 656/ 
Gastroesophageal reflux disease 

(GERD), 655 

Gastrointestinal phase, 658, 659/ 
Gastrointestinal (GI) traet, 645. See 

also Digestive system 
Gastroomental veins, 543/ 
Gastmlation, 815 
Gate-eontrol theory, 350 
Gated ion ehannels 
aetion potential and, 274/ 274-75, 
279-81,280/ 

neurotransmitter release and, 

285-87, 287/ 

in skeletal muscle, 204—7, 205/ 

207/ 209/ 

Gating spring, 392, 394/ 

G eells, 655, 656/ 

GCP (glomerular eapillary pressure), 

730-31 

GDP (guanine diphosphate), 

430, 431/ 

Gemellus muscles 
aetion of, 256/, 260í 
innervation of, 25 6t 
insertion of, 25 6t 
loeation of, 255/ 
origin of, 25 6t 
Gender differenees 
osteoporosis, 140-41 
skeletal system aging, 145 
Gene(s) 

definition of, 40, 66, 836 
dominant, 837-38, 841/, 842/ 
expression of, 837—39 

human leukocyte antigen, 598 
major histoeompatibility complex, 

597-98 

mutations, 838, 839 
reeessive, 837, 838/ 84 \t 
stmemre and fimetion, 836 
General anesthesia, 350 
General senses, 344, 344/ 

General sensory area (primary somatie 

sensory cortex), 349, 349/ 
Gene therapy, 841 
Genetie(s), 834-42 

of antigen reeeptors, 578—79 
of eaneer, 839 

ehromosomes in. See Chromosome(s) 
definition of, 834 
of eye eolor, 377 
in osteoporosis, 140 
summary and review, 842-45 
Genetie eode, 66 
Genetie counseling, 839, 842 
Genetie disorders, 839, 84lí. See also 

speeifie disorders 
Genetie engineering, 841 
Genetie susceptibility 

(predisposition), 839 
Genetie testing, prenatal, 830, 842 
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Genioglossus muscle 
aetion of, 239 t 
innervation of, 239 1 
insertion of, 239 t 
loeation of, 239 f 
origin of, 239 1 
Geniohyoid muscle 
aetion of, 238 t 
innervation of, 238 t 
insertion of, 238 t 
loeation of, 239 f 
origin of, 238 1 

Genital folds, 827, 828/ 

Genitalia (genitals) 
female, 791, 791/ 827, 828/ also 
Female reproductive system 

male, 773, 827, 828/ See also Male 

reproductive system 
Genital tubercle, 827, 828/ 

Genome, 836, 840-41 
Genomie map, 840, 840/ 

Genotype, 837-39 

Gemijoint, 182í 

GERD (gastroesophageal reflux 

disease), 633 

Germinal eenters, 573/ 574 
Germ layers 
derivatives, 81 Gt 
formation of, 815, 815/ 
types of, 78, 815 

Gestational diabetes mellitus, 452 

Gestation period, 829 

GFR (glomemlar filtration rate), 

729, 731 

GH. See Growth hormone 
GHIH (growth hormone-inhibiting 

hormone or somatostatin), 413, 

43 7t, 439 

GHRH (growth hormone-releasing 

hormone), 437/, 439 
Giantism, 138, 439 
Gingiva, 179, 180/ 649/ 650, 650/ 
Gingivitis, 179 

Girdle, 167. See also Peetoral girdle; 

Pelvie girdle 

GI (gastrointestinal) traet, 645. See also 

Digestive system 

Gland(s). See also Endoerine glands; 

Exocrine glands; speeifie glands 
definition of, 86 
innervation of, 268, 329, 

413,414/ 

multicellular, 86 
prenatal development of, 

820,823 

ofskin, 108/ 114/114-15, 115/ 

unicellular, 86 

Glans penis, 773/ 778/ 779, 828/ 
Glaucoma, 378, 387, 401 

Glenohumeral joint. See Shoulder 

Glenoid eavity, 167, 168/ 187/ 

Glenoid labmm, 186 
Glial eells (neuroglia) 
of eentral nervous system, 271/ 

271-72, 272/ 


of peripheral nervous system, 

272, 273/ 

structure and fiinetion, 95, 

96/, 271 

Gliding joints, 181, 182/, 183 
Gliding movements, 183 

Globin, 471,471/473, 473/ 

Globular aetin (G aetin), 200, 

201/209/ 

Globulins, 467 

Glomerular eapillary, 727/ 

Glomerular eapillary pressure (GCP), 

730-31 

Glomerular filtration rate (GFR), 

729, 731 

Glomemlar nephritis, 729 
Glomerulus, 725, 726/ 728/ 
Glossopharyngeal (CN IX) nerve 
blood pressure regulation by, 555/ 
disorders of, 334í 
foramen or fissure of, 158/, 334í 

fimetions of, 329, 334 1 
origin of, 329, 330/ 

parasympathetie division from, 410, 

413,414/ 

taste pathway, 372 
Glottis, 610, 611/ 

Ghieagon, 442/, 453—54, 456 
Glucocorticoids, 442/, 449, 

450-51,834 

Ghieoneogenesis, 710/ 710—11 
Glucose 

blood. See Blood glucose 
dietary, 692 
digestion of, 651, 692 

as energy source, 217, 456, 692, 70 7t 
glyeogen synthesized from, 456 
intereonversion of, 708—11, 710/ 
metabolie states, 711, 711 f—7 12/ 
metabolism of. See Glyeolysis 
structure and fimetion, 33, 34/, 
35/700 
synthesis of, 456 

transport of, 53/, 54, 676-77, 733 

Glucose-6-phosphate, 709—10, 710/ 
Glutamate, 290/, 382, 392 
Ghiteal injeetions, 172 
Gluteal region, 13/ 

Gluteal mberosity, 174, 175/ 

Gluten-sensitive enteropathy, 681 
Gluteus maximus muscle 
aetion of, 255, 256/, 260 t 
innervation of, 25 St 
insertion of, 256í 
loeation of, 255 f 
origin of, 25 St 
Gluteus medius muscle 
aetion of, 256, 256/, 260 t 
innervation of, 256í 
insertion of, 256í 
loeation of, 255/ 255—56 
origin of, 256í 
Gluteus minimus muscle 
aetion of, 256, 256/, 260 t 
innervation of, 256í 


insertion of, 256í 
loeation of, 255/ 
origin of, 256í 

Glyeerol, 34, 34í 
Glyeine, 290 t 
Glyeogen 
dietary, 692 
in muscle fibers, 217 

structure and fimetion, 33, 34/, 35/ 
666,700-701 

synthesis of, 456, 679, 692, 708 
Glyeogenesis, 708—11, 710/ 
Glyeogenolysis, 709—10, 710/ 

Glyeolipids, 47 

Glyeolysis 

anaerobie, 216/ 216-17, 219, 

703, 703/ 

ATP yield, 7071 

intereonversion and, 708—11, 710/ 
steps in, 701/^702/ 701-3 
Glyeolytie, 219 
Glyeoproteins, 47 

GnRH. See Gonadotropin-releasing 

hormone 
Goblet eells 
fimetions of, 85 
in large intestine, 673 
in nasal eavity, 609 
in pharynx, 609 
in small intestine, 661, 663 
in stomaeh, 656/ 
structure of, 81/, 85 
in traehea, 612—13 

Goiter, 445, 445/ 

Golgi apparatus 

antigen proeessing in, 585, 585/ 
of neurons, 269, 270/ 
structure and fimetion, 48/, 60, 62, 

62/ 63/ 

Golgi tendon organs, 307, 307/ 

346,362 

Golgi tendon reflex, 307/ 307-8 
Gomphoses, 179, 179/, 180/ 

Gonadal arteries, 532, 533/ 

Gonadal ridges, 826, 827/ 

Gonadal veins, 543/ 

Gonadotropin-releasing hormone 

(GnRH) 

effeets of, 782 1 

in female reproductive system, 782/, 

793-96, 795/ 

in male reproductive system, 780, 

781/ 782/- 

seeretion of, 437/, 457, 457/ 

GPCRs (G protein-coupled reeeptors), 

287 

G protein(s) 

enzymes and, 431—32, 432/ 
ion ehannels and, 430—31, 431 f 

membrane-bound reeeptors that 

aetivate, 430—32, 431/ 

in olfaetion, 370 

reeeptor mediation by, 415, 429 

subunits of, 430—31, 431/ 432/ 

in taste, 371 


G protein-coupled reeeptors 

(GPCRs), 287 

Graafian (marnre) follieles, 787/ 788, 

789/ 794 

Graeilis muscle 
aetion of, 258/, 259, 260 1 
innervation of, 258 1 
insertion of, 258 1 

loeation of, 257/ 259 f 

origin of, 258 1 
Graded fashion, 212 
Graded (loeal) potentials, 277—79, 

278/, 278/ 292 
Graft-z;mz/j - -host rejeetion, 598 
Gram (g), 22 

Granular (Paneth) eells, 661, 673, 725 
Granulation tissue, 100/ 101 
Granulocytes, 474 

Granulosa eells, 787/ 788, 789/ 794 

Granzymes, 592 

Graves disease, 445 

Gravity 

blood pressure and, 549—50 

swallowing and, 653 

Gray commissure, 302/ 303 
Gray matter 
in brain, 273, 318 
definition of, 273 
in spinal eord, 273, 302/ 303 
Gray ramus communicans, 410, 411/ 

Great eardiae vein, 494/ 495/ 499/ 53 7f 

Greater alar eartilage, 156/ 

Greater curvature (stomaeh), 655, 656/ 
Greater omenmm, 647, 648/ 

Greater seiatie noteh, 173, 173/ 

Greater troehanter, 174, 175/ 187/ 
Greater mberele ofhumerus, 167, 169/ 
Greater vestibular gland, 791 
Greater wing of sphenoid bone, 153/ 

154, 155/ 

Great saphenous vein, 537/ 542-43, 

545/ 546 

Green eones, 383 
Greenstiek fraemres, 139 
Groin injuries, 259 
Groove (bone), 150í 
Ground substance, 87—88 
Growth 
definition of, 7 

prenatal. See Prenatal development 

Growth faetors, 469, 815 

Growth hormone (GH) 
aging and, 458 

bone growth and, 138 

disorders of, 439 
fimetions of, 438—39, 440 1 

during laetation, 834 
seeretion eontrol of, 439, 440/ 

Growth hormone-inhibiting hormone 

(GHIH or somatostatin), 413, 

437/, 439 

Growth hormone-releasing hormone 

(GHRH), 437/, 439 

Growth plate. See Epiphyseal plate 
Growth stage, in hair, 113—14 
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GTP (guanosine triphosphate), 432, 

433/ 784, 784/ 

Guanine, 40, 41/ 

Guanine diphosphate (GDP), 430, 431/ 
Guanosine triphosphate (GTP), 432, 

433/ 784, 784/ 

Guanylate eyelase, 432, 433/ 
Gubernaculum, 774, 773/ 

Gustatory cortex, 349, 349/ 

Gut, formation of, 817, 818/ 

Gyneeomastia, 793 

Gyri (sing., gyrns), 321, 322/ 

324, 349 

H 

HAART (highly aetive antiretroviral 

therapy), 397 

Habenula, 320, 320/ 325/ 

Hair 

eolor of, 114 
dehnition of, 113 
as diagnostie aid, 119 
growth of, 113—14 

loss of, 114 

muscles assoeiated with, 108/ 

114, 114/ 

prenatal development of, 113, 820, 

820/--82D 

pubertal ehanges in, 113 
structure of, 113, 114/ 

Hair bulb, 113, 114/ 

Hair bundle, 392 
Hair eells 

auditory hmetion, 396/ 396—97 
balanee function, 398/ 398-99, 

399/ 400/ 

loeation of, 391-92, 393/ 

Hair folliele, 108/ 113, 114/ 

Hair folliele reeeptors, 345, 345/ 
Hairline fractures, 139 
Hair papilla, 113, 114/ 

Haldane effeet, 631 
Hallucinogens, 289 1 
Hamate bone, 169, 171/ 

Hamstring muscles 
aetion of, 259, 260 1 
injury to, 259 
loeation of, 259/ 

Hand 

arteries of, 528/ 531, 532/ 
bones of, 151/ 167/ 171, 171/ 
muscles moving, 253í, 253—55, 254/ 
veins of, 537/ 539-41, 540/ 541/ 

Haploid (n) number of ehromosomes, 

68,771,809 

Hard (bony) palate 

loeation of, 156/ 157/ 608/ 649/ 

structure and hmetion, 158, 

609, 649 

Hashimoto disease, 445 
Hassall (thymie) corpuscles, 575, 576/ 
Haustra, 672/ 673 
Haversian eanals, 129, 130/ 

Haversian system, 129, 130/ 


Hay fever, 596 

hCG (human ehorionie gonadotropin) 
seeretion of, 781, 782/, 796, 

814, 814/ 

structure and hinetion, 458, 781, 

782/, 796, 814 

HDL (high-density lipoproteins), 

678, 678/ 

HDN (hemolytie disease of the 

newborn), 481/ 481-82 

Head 

arteries of, 527, 528/ 529/ 

530/ 531 

as body region, 13 

innervation of, 310, 310/ 413, 414/ 
muscles moving, 240, 240/ 240í 
muscles of, 232^233/ 234-41. See 

also speeifie miiseles 
sagittal seetion, 15/ 

veins of, 536-39, 537/ 538/ 539/ 
Head (bone), 150í 
Head (muscle), 230 
Head (panereas), 670, 670/ 

Head (sperm eell), 774/ 776 
Headaehes, 363 
Head injuries, 324, 326 
Hearing, 389-98. See also Ear(s) 
Hearing impairments, 395, 397, 

401, 402 

Heart, 490—521. See also under Cardiac 
aging and, 516-17 
anatomy of, 491-99 

external, 493-95, 494/-495 f 
internal, 495-96, 496/ 
blood flow through, 497, 498/ 
blood supply to, 495, 495/ 

498, 499/ 

eardiae eyele, 506—11, 507/ 
ehemoreeeptors in, 516, 

556-57, 557/ 

conducting system of, 503/ 503—5 

eleetrieal aetivity of, 500—506 
fetal, 832, 832/ 
fibrous skeleton of, 499 
hmetions of, 491, 491/ 
histology of, 499—500, 500/ 
homeostasis and, 513—16 
loeation, shape, and size of, 4/ 

492, 492/ 

in newborn, 832, 833/ 
in perieardial eavity, 14, 17/ 492/ 

492-93 

prenatal development of, 820/--821/, 

823, 824/ 

regulation of, 512-13 
summary and review, 517-21 
Heart attaek (eoronary thrombosis), 

478, 501, 516 
Heart bloeks, 504/, 505 
Heart ehambers, 495, 496/ 

Heart defeets, 497, 823 
Heart failure, 512, 516—17 
Heart murmurs, 511, 823 
Heart muscle. See Cardiac muscle 
Heart rate (HR) 


aging and, 516 

eardiae output calculation from, 

511-12, 554 

definition of, 502 
determination of, 502—3, 513 
endoerine regulation of, 426, 

513-14, 514/ 

during exercise, 512 
fetal, 830 

ion levels and, 516 
at rest, 512 

Heart rhythms, abnormal, 504/, 

504-5,516 

Heart sounds, 510/ 510—11 
Heart valves 

in eardiae eyele, 506—11, 507/ 508/ 
disorders of, 511, 514-16 
heart sounds caused by, 510/ 
510-11 

loeation and structure, 495-96, 

496/ 497/ 

Heart wall, 493, 493/ 

Heat energy, 29, 713 
Heat exchange, 713/713—15 

Heat exhaustion, 717 
Heat production, by muscle 

eontraetion, 198, 218 

Heat stroke, 717 

Heimlieh maneuver (abdominal 

thrnst), 613 

Helieotrema, 391, 393/ 397 

HelperT eells 
aetivation of, 586, 587/ 

aging and, 599 

B eell stimulation by, 588, 588/ 

hmetions of, 579, 579í 

Hemarthrosis, 188 

Hematoerit, 483, 483/ 548 

Hematoma 
definition of, 324 
epidural, 324 

formation in bone repair, 141, 142/ 
intraeerebral, 324 
subdural, 324, 326 
Hematopoiesis, 469, 470/ 

Hematuria, 729 

Heme, 471,471/473, 473/ 

Hemiazygos vein, 541, 542/ 
Hemiballismus, 359 
Hemidesmosomes, 85, 85/ 
Hemoeytoblasts, 469, 470/ 
Hemodialysis, 746, 747/ 

Hemoglobin 

breakdown of, 473, 473/ 

earbon dioxide transport and, 

629-31,630/ 
measurement of, 483 
oxygen transport and, 627—29, 

628/ 629/ 

structure and hmetion, 34/, 

471, 471/ 

Hemolysis, 479 
Hemolytie anemia, 484 

Hemolytie disease of the newborn 

(HDN), 481/481-82 


Hemophilia, 485, 839, 839/ 84 \t 

Hemorrhage, 362, 531 
Hemorrhagie anemia, 484 
Hemorrhagie shoek, 561, 563 
Hemorrhagie stroke, 324 
Hemorrhoids, 673 
Henry’s law, 624 
Heparin, 474, 478 

Hepatie artery 

loeation of, 664/ 665/ 667/ 

structure and hinetion, 665, 

666, 668 

Hepatie eords, 665, 665/ 667/ 

Hepatie ducts 

loeation of, 664/ 665/ 667/ 668/ 

structure and hinetion, 665, 668 
Hepatie flexure (right eolie flexure), 

672/ 

Hepatie phagoeytie eells (Kupffer eells), 

665, 665/ 666 

Hepatie portal system, 435, 542, 543/ 

666, 667/ 

Hepatie portal vein 

formation of, 542, 543/ 

fimetion of, 665, 666, 667/ 668 

loeation of, 537/ 664/ 665/ 

Hepatie sinusoids, 665, 665/ 

667 / 668 

Hepatie veins, 537/ 542, 543/ 

667/ 668 

Hepatitis, 666 

Hepatoeytes, 665, 665/ 666, 

667/ 668 

Hepatopanereatie ampulla, 668, 

668 / 670 / 

Hereeptin, 594 
Heredity. See Genetie(s) 

Hering-Breuer reflex, 635 
Hernia 

definition of, 775 

hiatal, 653 

inguinal, 775 

intervertebral disk, 162, 162/ 

Hertz (Hz), 395 

Heterozygous, 836 

HHS (hyperglyeemie hyperosmolar 

state), 453 
Hiatal hernia, 653 
Hiatus, 653 

High-density lipoproteins (HDL), 

678, 678/ 

Highly aetive antiretroviral therapy 

(HAART), 597 
Hilum, 722, 724/ 

Hindbrain (rhombeneephalon), 

822,822/ 

Hindgut, 817, 818/ 

Hingejoints, 182/, 183 
Hip (hip joint) 
as ball-and-soeket joint, 

182/, 183 
disloeation of, 189 
frontal seetion through, 15/ 
innervation of, 310, 310/ 
movements of, 260í 
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muscles moving, 255/ 255—56, 256/, 

257/ 260í 

structure and function, 187/ 188-89 
Hippocampus, 324 
Hispanies, bone mass in, 145 
Histamine 

functions of, 581/, 655, 658 
in inflammatory response, 96 

seeretion of, 413, 474, 655, 

658, 659/ 

Histamine reeeptor antagonists, 658 
Histoeompatibility, 597-98 
Histology 

of bones, 127/H30/ 127-31 

definition of, 78 

of digestive system, 645-46, 646/ 
of heart, 499—500, 500/ 
of kidneys, 722-28, 724/ 726/ 
of large intestine, 672/ 672—73 

of liver, 664/ 664-65, 665 f 
of ovaries, 785, 787/ 

of panereas, 670, 670/ 
of respiratory system, 607/ 607—18 
of small intestine, 661/ 

661—63, 662/ 
ofstomaeh, 653—55, 656/ 

of taste buds, 371 

of testes, 773-74, 774/ 
of urinary system, 743/ 743-44 
Histones, 48/, 60, 60/ 

HIV (human immunodeficiency 

virus), 596-97 
Hives, 596 

HLA (human leukocyte antigen) 

genes, 598 

Hodgkin disease, 573 
Holoerine glands, 86, 87/ 
Homeostasis, 7—11 
as blood fiinetion, 467 
body fluids and, 747, 750, 
751/752/ 

body temperature and, 713, 
716,716/ 
definition of, 7 

as endoerine system fiinetion, 426 
heart and, 513—16 
meehanisms, 7, 7/ 
negative feedbaek and, 8/ 8-9, 

9/10/ 

as nervous system fimetion, 268, 

321,408, 426 

overview of, 7/ 7-8 

positive feedbaek and, 9—11, 10/ 

reflexes maintaining, 418—19, 419/ 
Homologous pair, 771, 836 
Homozygous, 836 
Homunculus, 349/ 350 
Horizontal eells, 384 
Horizontal plane, 13, 15/ 

Horizontal plate, 152/ 

Horizontal plate of palatine bone, 

156/ 157/ 158 

Hormone(s). See also speeifie hormones 

of adrenal glands, 442/, 447—51, 559 

and bone growth, 138 


eontrol of blood flow by, 552 f, 

552-53 

definition of, 426—27 

endoerine regulation of, 

427-28, 428/ 

of hypothalamus, 437/, 780, 781/ 
782/, 794 
inhibiting, 435-36 
interaetion with target tissues, 429 
of kidneys, 458 

during labor, 830—31, 831/ 

during laetation, 834, 835/ 
nutrient regulation by, 456 

of ovaries, 442/, 457, 782/, 793, 
800-801 

of panereas, 442/, 453—56 
of pineal gland, 442/, 457—58 
of pituitary gland, 436-41, 440/, 

559, 738, 780, 781/782/, 794 
during pregnaney, 458, 782/, 796, 

814, 814/ 
releasing, 435 

smooth muscle regulation by, 221 

of testes, 442/, 456, 773, 774, 780, 
781/782/ 

therapeutic use of, 427 

of thymus, 442/, 458 

of thyroid gland, 442/, 442-46, 443/ 

transport and excretion of, 428-29, 

443,467 

urine concentration/volume 
regulation by, 738-42 
Hormonelike substances, 458 
Hormone reeeptors. See also speeifie 

reeeptors 

binding sites, 429, 429 f 
membrane-bound, 429, 430/ 

aetivating G proteins, 

430-32, 431/ 

altering intracellular enzyme 

aetivity, 432—33, 433 f 
nuclear, 430, 430/ 434, 435/ 

Hormone replaeement therapy (HRT), 

141,801 

Host-mmí-graft rejeetion, 598 
“Housemaid’s knee,” 188 
HR. See Heart rate 
H 2 -receptor antagonists, 658 
HRT (hormone replaeement therapy), 

141, 801 
H test, 375 

Human ehorionie gonadotropin 

(hCG) 

seeretion of, 781, 782/, 796, 814, 814/ 
structure and fimetion, 458, 781, 

782/, 796, 814 

Human Genome Projeet, 840-41 
Human genomie map, 840, 840/ 

Human immunodeficiency virus 

(HIV), 596-97 

Humanization, 594 

Human leukocyte antigen (HLA) 

genes, 598 

Human organism, 1—20 
body eavities, 14, 16/ 


body parts and regions, 12—13, 

!3/ 14/ 

body positions and direetional terms, 
11 / 11 - 12 , 12 / 
planes, 13—14, 15/ 16/ 
structural and fimetional 

organization, 2—7, 3/ 4/ 5 'f-fif 
summary and review, 18-20 
Human physiology, 2 
Human plaeental laetogen, 834 
Human somatotropin, 834 
Humeral joint, 182/ 

Humeroradial joint, 187 
Humeroulnar joint, 187 
Humerus 

at elbow joint, 187/ 254/ 
loeation of, 151/ 167/ 169 f 
at shoulder joint, 187/ 
structure and fimetion, 167-68 
Hunger eontraetions, 661 
Hunger pangs, 661 
Huntington disease, 359, 841/, 842 
Hyaline eartilage 
elassifieation of, 88/ 
structure and fimetion, 91, 91/, 126/ 

126-27 

Hyaline membrane disease, 621 
Hydrocephalus, 327 
Hydroehlorie aeid 

fimetions of, 581/, 652/, 657/ 
657-58, 755 

seeretion of, 652/, 655, 657 

Hydrogen 

atomie number, 22/, 23, 23/ 
ehemoreeeptors for, 516, 

556-57, 557/ 

homeostasis, 450, 755—63, 763/ 

ions, 25/ 
isotopes, 22-23 
reversible reaetions, 29 
Hydrogen bonds 
deseribed, 25—26, 26/ 27/ 
in proteins, 39 
in water molecules, 26, 27/ 
Hydrogen phosphate, 756 
Hydrolysis reaetions, 27, 28/ 
Hydrophilie, 36 
Hydrophobie, 36 
Hydrostatie pressure, 51, 549—50 
Hydroxide ions, 25/ 

Hydroxyapatite, 127, 142, 143 
Hydroxyl group, 34, 35/ 

Hymen, 791 
Hyoglossus muscle 
aetion of, 239/ 
innervation of, 239/ 
insertion of, 239/ 
loeation of, 239/ 
origin of, 239/ 

Hyoid bone 

loeation of, 151 f, 238 f, 239 f, 
608/610/ 

structure and fimetion, 159, 160/ 
Hyoid muscles, 238, 238/ 238/ 
Hyperealeemia, 755, 755/ 


Hypereapnia, 634 
Hypereholesterolemia, 57, 841/ 
Hyperextension, 183 
Hyperglyeemia, 452 
Hyperglyeemie hyperosmolar state 

(HHS), 453 

Hyperkalemia, 754, 755/ 
Hypernatremia, 753, 753/ 

Hyperopia (farsightedness), 386, 386/ 
Hyperosmotie solutions, 51 
Hyperparathyroidism, 448 
Hyperplastie obesity, 714 
Hyperpolarization, 276-77, 

277/281 

Hypersensitivity reaetions (allergy), 

578, 584, 596, 616 
Hypertension, 553, 555 
Hyperthermia, 717 

Hyperthyroidism, 445, 445/ 446 

Hypertonie solutions, 51, 54/ 
Hypertrophie obesity, 715 
Hypertrophy 

of ehondroeytes, 134, 135/ 

of left ventriele, 516 
muscular, 219—20 
Hyperventilation, 631 
Hypoblast, 812/ 815 

Hypoealeemia, 284, 755, 755/ 
Hypoeapnia, 634 
Hypodermis, 113 
Hypogastrie ganglia, 413 
Hypoglossal eanal, 158/, 159/ 
Hypoglossal (CN XII) nerve 
disorders of, 336/ 
foramen or fissure of, 158/, 336/ 

fimetions of, 329, 336/ 
origin of, 329, 330/ 
reflexes, 337 

Hypokalemia, 284, 754, 755/ 
Hyponatremia, 753, 753/ 
Hypoparathyroidism, 448 
Hyposmotie solutions, 51 
Hypospadias, 827 
Hypotension, 8 

Hypothalamohypophyseal portal 

system, 435-36, 437/ 

440/ 450/ 

Hypothalamohypophyseal traet, 436, 

437/ 438/ 

Hypothalamus, 435-40 
ADH meehanism and, 559 
blood osmolality regulation, 

750, 751/ 

body temperature regulation by, 
716,716/ 

fimetions of, 321, 419-20, 

435,454 

hormones of, 437/, 780, 781/ 

782/, 794 

loeation of, 317/ 320/ 419, 

426/ 436/ 

pituitary regulation by, 435—36, 

437/ 438/ 

structure of, 320/ 321 

thirst eenter, 749/ 749—50 
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thyroid regulation by, 444, 444/ 
tumors in, 439 

vasomotor eontrol by, 332—33 
Hypothenar muscles, 254/ 255 
Hypothermia, 717 
Hypothyroidism, 445 
Hypotonie solutions, 51, 54/ 
Hypoventilation, 631 
Hypovolemie shoek, 563 
Hypoxia, 634 
Hystereetomy, 790 
H zone, 200, 202/ 203/ 

I 

I band, 200, 202/ 203/ 208/ 

IBD (inflammatory bowel 

disease), 680 

IBS (irritable bowel syndrome), 681 
Ibuprofen, 97 

ICSH (interstitial cell-stimulating 

hormone). See Luteinizing 
hormone 

IDDM (insulin-dependent diabetes 

mellitus), 452—53 

identieal (monozygotie) twins, 810 
idiopathie (essential) hypertension, 

553 

IFN-(3 (interferon beta), 594 
Ig (immunoglobulins), 589, 589 t 

ileoeeeal junction, 661/ 663 
ileoeeeal sphineter, 663 
ileoeeeal valve, 663, 672/ 

Ileum, 661/ 661—63, 672/ 

iliae arteries, 528/ 533/ 534, 723/ 

iliae erest, 172, 172/ 173/ 

174/243/ 

iliae fossa, 173/ 

Iliacus muscle 
aetion of, 256, 256r 
innervation of, 25 6í 
insertion of, 256í 
loeation of, 257/ 
origin of, 256r 

iliaeveins, 537/ 541, 543/ 

545/ 723/ 

ilioeostalis muscles 

aetion of, 241, 242 t 

innervation of, 2A2t 
insertion of, 2A2t 
loeation of, 242/ 
origin of, 2A2t 
Iliopsoas muscle 
aetion of, 256, 256í, 260 1 
innervation of, 256í 
insertion of, 256í 
loeation of, 257/ 
origin of, 256í 

Iliotibial traet, 257/ 259 

Ilium 

deseribed, 172, 172/ 
fusion of, 172, 173/ 
male versus female, Y]At 
Immediate hypersensitivities, 596 
Immune, 576 


Immune eells, 578-80, 579í. See also 

speeifie types ofeells 
Immune surveillance, 597 
Immunity, 576-601 

acquired, 598-99, 599/ 
adaptive, 576, 584-94 
antibody-mediated, 584, 586, 
587-92 

eell-mediated, 584, 592, 593/ 601 
aging and, 599, 601 

definition of, 576 

disorders of, 596—98. See also speeifie 
disorders 

innate, 576, 580-83 

interaetions with other systems, 600 
neuroendocrine regulation of, 

426, 598 

primary response, 591/ 591-92 
response interaetions, 594, 595/ 
role of eortisol in, 450 
seeondary response, 591/ 592 
sthmdation of, 587 
summary and review, 601—5 
suppression of, 587, 598 
Irmmmization, 598 
Immunodeficiency, 596, 598 
Immunoglobulins (Ig), 589, 589 1 

imrminologieal memory, 576 
Immunological toleranee, 594 
Immunotherapy, 594-98 
impaeted fraemres, 139, 139/ 
Implantation, 788, 796, 800, 

811, 811/ 

Impotenee (ereetile dysfiinetion), 

291/, 784 

Inaetivation gates, 279-81, 280/ 
Ineisive eanal, 156/ 

Ineisive foramen (eanal), 158í 
Ineisive nerve, 158í 

Ineisors, 156/ 649, 649/ 650/ 

Ineompetent valve, 511 
Ineomplete dominanee, 838 
Ineomplete fraemres, 139, 139/ 
Ineomplete protein, 694 
Ineomplete tetamis, 212 
Incus 

fimetion of, 396, 396/ 
loeation of, 390, 390/ 391/ 

Indireet inguinal hernia, 775 
Indireet pathways, 354, 354/ 

355-56, 356/ 

Induced phiripotent (iPS) eells, 813 
Infant respiratory distress syndrome 

(IRDS), 621 
infaret, 362, 501, 531 

infeetion. See also speeifie infeetions 

baeterial, 582-83, 583/ 
oppormnistie, 597 
rheumatoid arthritis and, 191 

viral, 583, 592, 596-97 

Inferior, 11/ 12, 12 1 
Inferior alveolar nerve, 158í 
Inferior alveolar nerves, 336 
Inferior angle of scapula, 168/ 

Inferior articular proeesses, 161/, 162 


Inferior eerebellar peduncles, 318, 318/ 
Inferior colliculi, 317, 318/ 398 
Inferior gemellus muscle 
aetion of, 256/, 260 1 
innervation of, 25 St 

insertion of, 256í 
loeation of, 255/ 
origin of, 25 St 

Inferior mearns, 608/ 609 
Inferior mesenterie artery, 528/ 

531, 533/ 

Inferior mesenterie eanelion, 

413,414/ 

Inferior mesenterie vein, 537 f 542, 543/ 
Inferior nasal eoneha, 151, 154/ 156, 

156/608/ 

Inferior nuchal line, 153/ 

Inferior oblique muscle, 374/, 375/ 
Inferior orbital fissure, 154/ 155, 

155/ 158í 

Inferior phrenie arteries, 532, 533/ 
Inferior phrenie vein, 543/ 

Inferior pubic ramus, 173/ 

Inferior reems muscle, 374, 374/, 375/ 
Inferior sagittal sinus, 538/ 

Inferior temporal line, 152/ 

Inferior vena eava 

in eoronary circulation, 494/ 495, 

495/ 496/ 498/ 

fimetions of, 536 

loeation of, 535/ 537/ 538/ 542/ 
543/ 545/ 664/ 667/ 723/ 

tributaries of, 543/ 

Infertility 

female, 780, 785 
male, 780, 785 

Inflammation (inflammatory response) 
antibody response in, 590/ 591 
ehronie, 97 

deseribed, 96-97, 98/ 581-83, 583/ 

of intestines, 680-81 
loeal, 582 
reducing, 97 
role of eortisol in, 450 
symptoms of, 96—97, 112 
systemie, 582-83 
in tissue repair, 97, 98/ 100 
Inflammatory bowel disease 

(IBD), 680 

Inflammatory eytokines, 578 
Infraglenoid mberele, 168/ 

Infrahyoid muscles, 238, 238/ 238 1 
Infraorbital foramen, 153/ 154/ 158í 
Infraorbital groove, 155/ 

Infraorbital nerve, 158r 
Infraspinams muscle 

aetion of, 248/, 249, 250 1 

innervation of, 248 1 
insertion of, 248í 
loeation of, 249/ 

origin of, 248 1 

Infraspinous fossa, 167, 168/ 
Infundibulum, 321, 435, 436/ 

786/ 790 
Infiision, 479 


Inguinal eanals, 243/ 774, 775/ 

778/ 826 

Inguinal hernia, 775 
Inguinal ligament, 243/ 

Inguinal lymph node, 570/ 573 
Inguinal region, 13/ 

Inhalation (inspiration), 618/ 618-22, 

620/ 632 

Inheritanee. See also Genetie(s) 
eell fiinetion in, 46 
dominant traits, 837—38, 841/, 842/ 

reeessive traits, 837, 838/ 84 \t 
of sex, 836, 836/ 

Inhibin, 780, 781/794 
Inhibiting hormones, 435—36 
Inhibitory neurons, 292, 293, 304 

Inhibitory postsynaptie potential 

(IPSP), 292, 292/293, 

293/ 304 

injeetions, types of, 113 

Innate immunity, 576, 580-83 
Innate immunity eells, 579/, 579-80 
Inner eell mass, 811, 811/ 

Inner ear 

auditory fimetion, 396-97 
balanee fimetion, 398/ 398-99 
stmemre of, 389, 390/ 391-92, 
392/ 393/ 

Inner hair eells, 392, 393/ 396 

inorganie ehemistry, 33 
inorganie phosphate groups (PP/ 

431-33, 432/433/699 

INR (International Normalized Ratio), 

486 

inseetieides, organophosphate, 214 
Insensible perspiration, 750 
Insertion (muscle), 230 
Inspiration (inhalation), 618/ 618-22, 

620/ 632 

Inspiratory eapaeity, 622 
Inspiratory reserve volume, 622, 638 
Insula, 322, 349 

Insulin 

fimetions of, 34/, 442/, 453—54, 677 
seeretion of, 428, AA2t, 453 
during laetation, 834 
regulation of, 455, 455/ 
therapeutic use of, 453, 453/ 

Insulin-dependent (type 1) diabetes 

mellims (IDDM), 452—53 
Insulin-like growth faetor I, 439 
Insulin-like growth faetor II, 439 
Insulin shoek, 453 
Integrase inhibitors, 597 
Integration, in nervous system, 268, 

294, 343-68 
Integrins, 47 

Integumentary system, 106—24. See 

also Hair; Nail(s); Skin 
aging and, 120, 362 
anatomy of, 5/ 
definition of, 107 

deseribed, 122—24 

as diagnostie aid, 119 
disorders of. See speeifie disorder 
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functions of, 5/ 107, 117—19, 118/ 

glands, 108/ 114/ 114-15, 115/ 

interaetions with other systems, 121 
prenatal development of, 820, 
820/-821/ 

summary and review, 122—24 
Intention tremor, 359 
Interatrial septum, 495, 823, 824/ 
interealated disks, 94í, 95, 224, 

500,500/ 

interealated duct, 670/ 
interearpal joints, 182/ 

Intercellular substances, 46 
intereondylar eminenee, 176, 176/ 
intereondylar fossa, 175/ 
intereostal arteries, 531, 533/ 
intereostalis muscles 

aetion of, 245/, 246 
innervation of, 245/ 
insertion of, 245/ 
loeation of, 245/ 
origin of, 245/ 

ventilatory function of, 618, 618/ 
intereostal nerves, 311, 311/ 
intereostal veins, 541, 542/ 
Interferon(s), 578, 578/, 581/, 583 
Interferon beta (IFN-p), 594 
Interleukin(s), 578, 578í 

Interleukin-2, 586, 587/ 
Interleukin-2 reeeptors, 586, 587/ 
Interlobular duct, 670/ 

Intermediate cuneiform bones, 

177,178/ 

Intermediate filaments, 48/, 58/ 

58-59, 221,221/ 

Intermediate mass (interthalamie 

adhesion), 319, 320/ 

Internal abdominal oblique muscle 

aetion of, 241, 243/ 
innervation of, 243/ 
insertion of, 243/ 
loeation of, 243/ 
origin of, 243/ 

Internal acoustic (auditory) meatus, 

158/, 159, 159/ 

Internal anal sphineter, 672/ 

673-74, 674/ 

Internal callus, 141, 142, 142/ 
Internal capsule, 322, 323/ 

Internal earotid arteries 
foramen or fissure of, 157, 

158,158í 

loeation of, 527, 528/ 530/ 

Internal hydrocephalus, 327 
Internal iliae artery, 528/ 533/ 

534,535/ 

Internal iliae vein, 537/ 541, 

543/545/ 

Internal intereostalis muscles 

aetion of, 245/, 246 
innervation of, 245/ 
insertion of, 245/ 
loeation of, 245/ 
origin of, 245/ 

ventilatory fimetion of, 618, 618/ 


Internal jugular veins 
foramen or fissure of, 157, 158í 

loeation of, 537/ 538/ 539, 540/ 
Internal male genitalia, 773, 827, 827/ 
Internal spermatie faseia, 776, 778/ 
Internal thoraeie arteries, 530/ 531, 

532/ 533/ 

Internal thoraeie veins, 541 
Internal urethral sphineter, 744 
International Normalized Ratio 

(INR), 486 

International Soeiety of Blood 

Transfiision, 482 

Interneurons (assoeiation neurons) 

enterie, 412, 646 
fimetions of, 270, 304, 304/ 
in motor traets, 354—55, 355/ 356/ 
in retina, 384 

in sensory traets, 347, 347/ 
Interosseous membrane, 180/ 
Interphalangeal taloemral joint, 182/ 
Interphase, 68, 70/ 71/ 

Interplexiform eells, 384 
Interstitial eells (eells of Leydig), 774, 

774/780, 781/ 

Interstitial cell-stimulating hormone 

(ICSH). See Luteinizing 
hormone 

Interstitial fluid, 748 
Interstitial fluid loss shoek, 563 
Interstitial fluid volume, regulation of, 

550-52,551/ 559-61 
Interstitial growth, in eartilage, 126/ 127 
Interstitial lamellae, 130, 130/ 
Interthalamie adhesion (intermediate 

mass), 319, 320/ 

intertroehanterie erest, 175/ 
intertroehanterie line, 175/ 
Intertubercular (bieipital) groove of 

humerus, 167, 169 f 
Interventricular foramina, 326 
Interventricular septum, 495, 496/ 

823,824/ 

Intervertebral disks 
deseribed, 162, 163/ 
herniated or ruptured, 162, 162/ 
spaee for, 161/ 

Intervertebral foramina, 161/, 162 
Intervertebral joints, 182/ 
Intervertebral notehes, 161/, 162 
Intervertebral symphyses, 179/, 181 
Intervillous spaee, 811, 813/ 

Intestinal glands, 661, 662/ 

Intestinal lymph node, 570/ 

Intestinal phase, 658, 659/ 

Intestines. See Large intestine; Small 

intestine 

Intracellular enzymes, membrane- 

bound reeeptors and, 

432-33, 433/ 

Intracellular fluid eompartment, 

747,748/ 

Intracellular fluid eomposition, 

regulation of, 748, 749/ 
Intracellular mediators, 430—32, 431/ 


Intracellular pathogens, 580, 583, 585/ 
Intracellular proteins, membrane- 

bound reeeptors that 

phosphorylate, 432-33, 433/ 

Intracellular substances, 46 
Intraeerebral hematoma, 324 
Intradermal injeetions, 113 
Intralobular duct, 670/ 
Intramembranous ossifieation 

deseribed, 133/ 133-34, 134/ 

of skull bones, 179 
Intramuscular injeetions, 113 
Intrauterine deviee (IUD), 799/ 800 
Intrinsie faetor, 472, 652/, 655 

Intrinsie muscles 

of eye, 376-77, 377/ 

of foot, 262 
of hand, 254/ 255 

of tongue, 239, 239/ 239/ 

Intrinsie pathway (elotting), 477, 477/ 

Intrinsie regulation of heart, 512 
Introns, 66 
Inmbation, 613 

Inversion of foot, 177, 177/ 186, 186/ 

In vitro fertilization, 812 
Involuntary, 304 
Iodide ions, 25/ 

Iodine 

eharaeteristies of, 22/ 
defieieney of, 697/ 
fimetions of, 697/ 
referenee daily intake, 697/ 

thyroid fimetion and, 443, 

443/ 445 

Iodopsin, 383 
Ion(s). See also speeifie ions 
eardiae fimetion and, 516 
definition of, 24 

digestion of, 680-81 
endoerine regulation of, 426 
in extracellular fluid, regulation of, 

722, 753-55 

movement of, effeet of aldosterone 

on, 741-42, 742/ 

Ion ehannels. See also speeifie ehannels 
in eardiae muscle, 224, 500—501, 

502/ 503,513 

gated. See Gated ion ehannels 
as intracellular mediators, 

430-31,431/ 

membrane potential and, 

275-77, 276/ 

nongated, 274/ 274-76, 276/ 

in smooth muscle, 222 
transport meehanisms using, 53 

Ionie bonding, 24-25, 25/, 25/ 

Ionie compounds, 27, 28/ 

Ionie (loeal) current, 283 
Ionotropie reeeptors, 429. See also 

Ligand-gated ion ehannels 
iPS (induced pluripotent) eells, 813 
Ipsilateral, 348 

IPSP (inhibitory postsynaptie 

potential), 292, 292/ 293, 

293/ 304 


IRDS (infant respiratory distress 

syndrome), 621 

Iris, 373/ 376, 376/ 377/ 

Iron 

eharaeteristies of, 22/ 
defieieney of, 697/ 

dietary requirements, 471, 473 

fimetions of, 697/ 

in hemoglobin, 471/ 471—73, 473/ 

ions, 25/ 

referenee daily intake, 697/ 
iron-defieieney anemia, 484 
Irregular bones, 129/ 131 
Irregular eonneetive tissue, 88/, 

90/, 91 

Irritable bowel syndrome (IBS), 681 
isehemie response (CNS), 557 
isehemie stroke, 324 
Isehial ramus, 173/ 

Isehial spine 

male versus female, 174/, 174/ 
structure and fimetion, 173, 173/ 
Isehial tuberosity 
male versns female, 174/ 
structure and fimetion, 173, 173/ 
Ischiocavernosus muscle 
aetion of, 244/ 
innervation of, 244/ 
insertion of, 244/ 
loeation of, 244/ 
origin of, 244/ 

Ischium 

fiision of, 172, 173/ 
structure and fimetion, 172, 172/ 
Isomaltase, 652/ 

Isomaltose, 651, 675 
Isomers, 692 

Isometrie eontraetions, 214 
Isosmotie solutions, 51 
Isotonie eontraetions, 214 
Isotonie solutions, 51, 54/ 

Isotopes 

deseribed, 22—23 
radioaetive, 24 

Isthmus (thyroid), 441, 441/ 

IUD (intrauterine deviee), 799/ 800 

J 

Jaundice, 119, 473, 834 
Jejunum, 661/ 661—63, 662/ 670/ 
Joint(s), 177-83. See also speeifie joints 
aging and, 191 
cartilaginous, 179/, 180-81 
elassifieation of, 177 
definition of, 177 

fibrous, 178-79, 179/, 180/ 

movement of. See Movement(s) 
naming of, 177 
summary and review, 192—96 
synovial, 181-83, 182/, 187/ 

Joint capsule, 181, 181/ 

Joint eavity, 181, 181/ 

Jugular foramina, 157, 157/ 

158/, 159/ 
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Jugular noteh, 165, 166/ 
Juxtaglomerular apparatus, 725, 

727/ 737 

Juxtamedullary nephrons, 725, 726/ 

K 

Karyotype, 830, 835, 835/ 

Keratin 

dehnition of, 107 
function of, 34í 
hard, 110 
soft, 108 
Keratinization 
proeess of, 107, 110 f 
and psoriasis, 110 
Keratinized stratihed squamous 

epithelium, 82, 83r 

Keratinoeytes, 107, 111 
Keratohyalin, 108 
Keto aeid, 709/ 

Ketogenesis, 707 
Ketone bodies, 454, 707-8 
Ketones, as energy source, 456 
Ketosis, 452, 708 
Kidney(s). See also under Renal 
aeid-base balanee regulated by, 757/ 

758-61,759/763/ 
aging and, 746-47 

anatomy and histology of, 722-28, 

724/ 726/ 

blood how through, 725, 728/ 

737-38, 738/ 

blood pressure regulation by, 

557-59, 558/ 559/ 560/ 561 

eapillary exchange in, 550 

disorders of, 729, 746-47 

epithelial tissue of, 80/, 82, 725 
hinetional unit of. See Nephron 
hinetions of, 722 
hormones of, 458 

loeation of, 4/ 426/ 722, 722/ 723/ 

parathyroid hormone aetivity in, 

446, 447/ 

prenatal development of, 825, 826/ 

Kidney stones, 744 
Kidney transplants, 746 
Kiloealories (keal), 690, 691/, 712 
Kilogram (kg), 22 
Kinetie energy, 29 
Kinetoehore, 60, 60/ 

Kinins, 96, 581 1 
Kinocilium, 398/ 399 
Klinefelter syndrome, 835, 841 1 
Knee (knee joint) 

arteries of, 528/ 535/ 535-36, 536/ 

disorders of, 188, 188/ 
femoral epieondyles at, 175 
as hinge joint, 182/, 183 
structure and hinetion, 189, 190/ 

veins of, 537/ 542, 545/ 546, 546/ 

Knee-jerk (patellar) rehex, 307 
Korotkoff sounds, 547, 547/ 

Krebs eyele (eitrie aeid eyele), 217, 

704, 705/ 7071 


Kupffer eells (hepatie phagoeytie eells), 

665, 665/ 666 

Kyphosis, 140, 160 

L 

Labia (lips) 

muscles moving, 234/, 234-36, 235/ 

236/ 647 

structure and hinetion, 647, 649/ 
Labial frenula, 647, 649/ 

Labia majora, 786/ 791, 791/ 827 
Labia minora, 786/ 791, 791/ 827 
Labioserotal swellings, 827, 828/ 

Labor (ehildbirth) 
hormonal regulation of, 10, 

830-31, 831/ 

stages of, 829, 829/ 

Labyrinth (bone), 150 1 
Laerimal apparatus, 374, 374/ 
Laerimal bone 
anterior view, 154/ 
as faeial bone, 151 
lateral view, 153/ 
in nasal eavity, 156/ 
openings in, 158í 
in orbit, 155/ 

Laerimal canaliculi, 374, 374/ 

Laerimal ducts, 374, 374/ 

Laerimal gland, 374, 374/ 

Laetase, 652/, 675, 834 

Laetation 

amenorrhea during, 798 

duct system, 792-93, 793/ 
endoerine regulation of, 426, 

436-37, 834, 835/ 

physiology of, 834, 835/ 

Laeteals, 570, 570/ 661, 

662/ 678 

Laetie aeid, 217, 703 
Lactiferous duct, 792, 793/ 

Lactiferous sinus, 792, 793/ 

Laetose, 34/, 692, 834 
Laetose intoleranee, 675 
Lacunae 

in bone, 128, 128/ 
in eartilage, 91—92/, 126/ 127 
of plaeenta, 811, 812/ 

Lag (latent) phase, 211, 211/, 

211/222 

Lambdoid suture, 152, 152/ 153/ 

179, 179/, 180/ 

Lamella(e) 

circumferential, 130, 130/ 
eoneentrie, 129, 130/ 
dehnition of, 92, 129 
interstitial, 130, 130/ 

Lamellar bodies, 108 

Lamellar bone, 129 

Lamellated (Paeini) corpuscles, 345, 

345/ 362 

Laminae 

of eervieal vertebrae, 164/ 
deseribed, 161, 161 1 
of lumbar vertebrae, 164/ 


in spina bihda, 162 
of thoraeie vertebrae, 164/ 

Lamina propria, 645, 646/ 656/ 

743, 743/ 

Langerhans eells, 107, 580 
Lanugo, 113, 829 
Laparoseopy, 800 
Large intestine 

anatomy and histology of, 672/ 

672-73 

disorders of, 680—81 

loeation of, 4/ 645/ 672 
movement in, 673—74, 674/ 

seeretions of, 673 

Large veins, 524/ 526, 536, 537/ 
Laryngitis, 610 

Laryngopharynx, 608/ 609—10, 

651-52 

Larynx 

loeation of, 4/ 607/ 608/ 610, 
611/612/ 

structure and hmetion, 610/ 
610-12, 611/ 

Laser eorneal sculpturing (lasix), 386 
Lasix (laser eorneal sculpturing), 386 
Last menstrual period (LMP), 

809, 829 

Latent (lag) phase, 211, 211/, 

211/222 
Lateral, 12, 12 1 
Lateral angle of eye, 373, 373/ 

Lateral apermres, 326 
Lateral border of scapula, 168/ 

Lateral (hbular) eollateral ligament, 

188/ 189, 190/ 

Lateral column, 302, 302/ 

Lateral eompartment of leg, 260/, 

261, 261/ 

Lateral eondyles 

offemur, 175, 175/ 190/ 

of tibia, 176, 176/ 

Lateral eortieospinal traets, 353/ 353/, 

354, 355/ 

Lateral cuneiform bones, 177, 178/ 
Lateral epieondyles 

offemur, 175, 175/ 176/ 

of humerus, 168, 169/ 254/ 

Lateral epieondylitis, 253 
Lateral excursion, 185 
Lateral hssure, 322, 322/ 

Lateral hexion, 183 

Lateral hemispheres (eerebellar), 318, 

319/357 

Lateral horns, 302/ 303, 304/ 

Lateral longitudinal areh, 178/ 

Lateral malleolus, 176/ 177, 177/ 
Lateral menisei, 189, 190/ 

Lateral nasal eartilage, 156/ 

Lateral plantar artery, 535/ 536 
Lateral pterygoid muscle, 187/ 
aetion of, 236, Tò7t 
innervation of, 23 7t 
insertion of, 23 7t 
loeation of, 237/ 
origin of, Tò7t 


Lateral pterygoid plates, 157/ 

158, 237/ 

Lateral rectus muscle, 374, 374/, 375/ 
Lateral supracondylar ridge, 169/ 
Lateral surface, of epithelial tissue, 78 
Lateral ventriele, 326, 327/ 

Latissimus dorsi muscle 

aetion of, 248, 248/, 250 1 
innervation of, 248 1 
insertion of, 248 1 

loeation of, 243/ 247/ 249/ 252/ 
origin of, 248 1 

Law of eonservation of energy, 29 
LDL (low-density lipoproteins), 

678, 678/ 

LDL (low-density lipoproteins) 

reeeptors, 678 

Leak ehannels (nongated ion 

ehannels), 274/ 274-76, 276/ 
Leeithin, 693-94 

Leetin pathway, 581 

Left (direetional term), 12, 12 1 

Left atrium 

conducting system in, 503/ 503—5 
hmetion of, 506—11, 507/ 509 1 
loeation and structure, 494/ 

495/ 496/ 

Left bundle braneh, 503/ 505 

Left eolie hexure (splenie hexure), 672/ 
Left heart failure, 512 
Left ventriele 

conducting system in, 503/ 503—5 
hmetion of, 506-11, 507/ 509 1 

hypertrophy of, 516 

loeation and structure, 494/ 495, 

495/ 496/ 

Leg. See also Thigh 
arteries of, 528/ 535/ 535-36, 536/ 
bones of, 151/ 171/ 176/ 176-77 

dehnition of, 12 

muscles moving, 258—59, 259/ 

260/, 261/ 

aeting on leg and foot, 260/, 
261-62, 262/ 

veins of, 537/ 542, 545/ 546, 546/ 
Leiomyomas, 790 
Lemniscus, 347 
Lens 

hmetions of, 378-80, 380/ 

loeation of, 376/ 377/ 378 

prenatal development of, 823 
structure of, 378 
Lens capsule, 378 
Lenses (eorreetive), 386, 386/ 

Lens hbers, 378 
Lentiform nucleus, 323/ 324 
Lesser curvature (stomaeh), 655, 656/ 
Lesser omenrnm, 647, 648/ 664/ 
Lesser seiatie noteh, 173, 173/ 

Lesser troehanter, 174, 175/ 187/ 
Lesser tubercle ofhumerus, 167, 169/ 
Lesser vestibular (paraurethral) 

glands, 791 

Lesser wing of sphenoid bone, 155/ 

Leukemia, 483, 485 
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Leukocytes. See White blood eells 
Leukocytosis, 483 
Leukopenia, 483 
Leukotrienes, 36, 96, 438, 581 t 

Levator anguli oris muscle 
aetion of, 234í, 236 
innervation of, 23 4t 
insertion of, 234r 
loeation of, 235/ 
origin of, 234 t 
surface anatomy, 236/ 

Levator ani muscle 
aetion of, 244í 
innervation of, 2 44t 
insertion of, 2 44t 
loeation of, 244, 244/ 
origin of, 244r 

Levator labii superioris alaeque nasi 

muscle 

aetion of, 23 4t 
innervation of, 23 4t 
insertion of, 23 4t 

loeation of, 235/ 

origin of, 234r 
surface anatomy, 236/ 

Levator labii superioris muscle 
aetion of, 234/, 236 

innervation of, 234í 

insertion of, 23 4t 

loeation of, 235/ 

origin of, 234r 
surface anatomy, 236/ 

Levator palpebrae superioris muscle 

aetion of, 234/, 236, 373 
innervation of, 234/, 236 
insertion of, 234r 
loeation of, 373, 373/ 
origin of, 234r 
surface anatomy, 236/ 

Levator scapulae muscle 

aetion of, 240/, 246, 246í 
innervation of, 240/, 246í 
insertion of, 240/, 246í 
loeation of, 235/ 240 f 242/ 

247/ 249/ 
origin of, 240/, 246í 
Lever systems, 231, 231/ 

Levitra (vardenafil), 784 
Levodopa, 359 

LH. See Luteinizing hormone 
Life 

eharaeteristies of, 7 
ehemieal basis of, 21-44. See also 
Chemistry 

Ligament(s), 87-91, 126. See also 

speeifie ligaments 

Ligamentum arteriosum, 832, 833/ 
Ligamentum nuchae, 153 
Ligamentum teres, 187/ 668, 

833,833/ 

Ligamentum venosum, 668, 833, 833 f 

Ligand, 204, 427 

Ligand-gated ion ehannels (ionotropie 

reeeptors) 

aetion potential and, 274 


in eardiae muscle, 501, 502/ 513 
neurotransmitter release and, 

285-87, 287/ 

in skeletal muscle, 204, 204/ 

207,207/ 

Light 

melatonin seeretion and, 457/ 

457-58 

properties of, 379, 379/ 

visual fimetion and, 382-83, 

383/ 384/ 

Light adaptation, 382 
Light mieroseopes, 46 
Limb buds, 817 

Limbie system 

respiratory regulation by, 632/ 

632-33 

structure and fimetion, 321, 324, 
325/437-38 
Line (bone), 150 1 
Linea (bone), 150í 
Linea alba, 241, 243/ 

Linea aspera, 174, 175/ 

Linear fractures, 139 
Linea semilunaris, 241, 243/ 

Lingual artery, 530/ 

Lingual frenulum, 649/ 

Lingual lipase, 652í 

Lingual nerve, 336 

Lingual tonsils, 572, 572/ 608/ 

609, 649 

Lingual vein, 538/ 

Linked genes, 836 
Linoleie aeid, 694 
Lip(s) (labia) 

eleft, 158, 819 

muscles moving, 234/, 234-36, 235/ 

236/ 647 

structure and fimetion, 647, 649/ 
Lipase, 652/, 671, 677 
Lipid(s) 

definition of, 677 
dietary guidelines, 694 
dietary sources of, 691/, 693 
digestion of, 676/, 677/ 

677-79, 699 

fimetions of, 34, 34/, 693-94, 707 
hormones eomposed of, 426, 427 

metabolie states, 711, 711 fi —7 12/ 
metabolism of, 707-8, 708/ 

structure of, 34-37, 35/ 36/ 

Lipid bilayer, 46, 48/, 49/ 
Lipid-soluble hormones, 427, 429 

Lipid-soluble molecules, diffiision of, 

49-50, 50/ 53/-, 550, 649 
Lipogenesis, 708-9 
Lipoproteins, 678, 678/ 

Liquids, diffiision of gases into and out 

of, 624 

Lithotripsy, 744 
Liver. See also nnder Hepatie 
aeid-base balanee regulated by, 757/ 
anatomy and histology of, 664/ 

664-65, 665/ 

bile flow through, 667/ 668 


blood flow through, 666-68, 667/ 
eapillary exchange in, 550 
disorders of, 666, 709 

ducts of, 664f, 66 5, 665f 667f 

668,668/ 

fimetions of, 456, 665-66, 734 

intereonversion of nutrients in, 
709-10, 710/ 

loeation of, 4/ 645/ 648/ 664, 

664/ 723/ 

in newborn, 833—34 

red blood eell removal in, 473, 473/ 

tissue repair, 99 

LMP (last menstrual period), 809, 829 
Lobar (seeondary) bronchus, 612/ 

613, 614/ 

Lobes 

of liver, 664, 664/ 
of lungs, 613, 614/ 
of mammary glands, 792, 793/ 
Lobules 

of cerebellum, 319, 319/ 

of liver, 665, 665/ 
of mammary glands, 792, 793/ 
of panereas, 670/ 

of testes, 773, 774/ 
of thymus, 575 
Loeal anesthesia, 291, 350 
Loeal eontrol (blood flow), 552 
Loeal (ionie) current, 283 
Loeal inflammation, 582 
Loeal (graded) potentials, 277—79, 

278/, 278/ 292 
Loeal reflexes, 646, 663 

Loek-and-key model of enzyme 

aetion, 40 

Long bones, 131, 132 f 
Longissimus muscles 
aetion of, 241, 242t 
innervation of, 242 1 
insertion of, 242 1 
loeation of, 242/ 
origin of, 242 1 

Longimdinal fissure, 321, 322/ 
Longimdinal seetion, 14, 16/ 
Longimdinal smooth muscle, 645, 

646/ 662/ 

Long plantar ligament, 191/ 
Long-term memory, 360, 361/ 

Loop diuretics, 735 
Loop of Henle (nephronie loop) 
loeation of, 725, 726/ 728/ 

reabsorption in, 733, 734/ 

Loose eonneetive tissue, elassifieation 

of, 88, 88/, 89 1 
Lordosis, 160 

Loudness (volume), 395, 397 
Low baek pain, 241 
Low-density lipoproteins (LDL), 

678,678/ 

Low-density lipoproteins (LDL) 

reeeptors, 678 

Lower esophageal sphineter, 653 
Lower limb. See also Ankle; Foot; 

Knee; Leg; Thigh 


arteries of, 528/ 535/ 535-36, 536/ 

as body region, 12, 13/ 
bones and joints of, 151/ 167, 171/ 
174—77. See also speeifie bones or 
joints 

innervation of, 310, 310/ 315/ 

muscles of, 232/7233/ 255-63. See 

also speeifie muscles 

veins of, 537/ 542, 545/ 546, 546/ 

Lower motor neurons, 352, 

354-55, 355/ 

Lower respiratory traet, 607, 607/ 
Lumbar arteries, 533/ 

Lumbar curves, 160, 160/ 

Lumbar nerves 
dermatomal map, 310/ 
identifieation system, 309, 309/ 
Lumbar plexus 
cutaneous distribution, 315/ 

loeation of, 309/ 315 
nerves arising from, 314/, 315 
Lumbar region, 13/ 

Lumbar vertebrae 

eharaeteristies of, 163, 164/, 164/ 

loeation of, 159-60, 160/ 
Lumbosacral enlargement, 300, 300/ 
Lumbosacral plexus 
cutaneous distribution, 315/ 

loeation of, 309/ 315 
nerves arising from, 314/, 315 
Lunate bone, 169, 171/ 

Lunate surface of acetabulum, 

172, 173/ 

Lung(s). See also under Pulmonary 
anatomy of, 612/ 613, 614/ 
blood supply to, 614/ 617 
ehemoreeeptors in, 631, 632/ 

633,633/ 

eomplianee of, 622 
disorders of, 636 
fetal, 832, 832/ 

gas exchange in, 607, 624—25, 626/ 
630/ 638 

loeation of, 4/ 607/ 612/ 613 

lymphatie supply to, 617—18 
lymphatie system in, 614/ 617—18 
in newborn, 832, 833/ 
prenatal development of, 825, 825 f 
respiratory membrane of. See 
Respiratory membrane 
serous membranes, 16, 17/ 

Lung buds, 825, 825/ 

Lung eaneer, 636 

Lung fimetion measurements, 

622-24, 638 

Lung reeoil, 619—21 
Lunula, 115, 116/ 

Luteinizing hormone (LH) 

effeets of, 440 1, 782 1 

in female reproductive system, 782/, 

793-96, 795/ 

in male reproductive system, 780, 

781/ 782/- 

Luteinizing hormone (LH) surge, 

794,795/ 










1-23 


lndex 


Lymph 

definition of, 570 

formation and movement, 571, 571/ 
lipids in, 678 
Lymphadenitis, 573 
Lymphangitis, 573 

Lymphatie eapillaries, 570, 571, 571/ 
Lymphatie nodules, 572, 572/ 
Lymphatie organs, 571-76. See also 

speeifie organs 

Lymphatie simises, 573/ 574 
Lymphatie system, 570-76 
aging and, 576, 599, 601 

anatomy of, 5/ 570, 570/ 

in digestive traet, 646/ 
disorders of, 573 
fiinetions of, 5/ 570—71 

interaetions with other systems, 600 

in lungs, 614/ 617—18 
overview of, 576, 577/ 

prenatal development of, 820r-821r 
summary and review, 601—5 
Lymphatie tissue, 571—72, 572/ 584 
Lymphatie vessels, 570/ 571, 573/ 574 
Lymph drainage, 570/ 

Lymphedema, 574 

Lymph nodes, 570/ 572-74, 573/ 

Lymphoeytes 
fimetions of, 474, 572 
in lymph nodes, 572, 574 
naive, 586 

origin and mamration of, 584, 584/ 
structure of, 474, 474/ 
in thymus, 575 
Lymphokines, 578 
Lymphoma, 573, 594 
Lysis, 51,590/591 
Lysosomes, 48 1, 62, 63/ 

Lysozymes, 474, 581/, 652í 

M 

MAC (membrane attaek complex), 581 
Maerophages 
in eonneetive tissue, 87 

fimetions of, 579/, 579-80, 

586, 587/ 

in inflammatory response, 582, 

590/ 591 

red blood eell removal by, 

473, 473/ 

structure and fimetion, 474, 

579, 591 

Macula 

ofear, 398/398-99, 399/ 
ofeye, 378, 378/384 
Macula densa, 725, 727/ 

Macular degeneration, 387/ 388, 401 
Magnesmm 
defieieney of, 697/ 
fimetions of, 697í 
referenee daily intake, 697/ 
Magnesium ions, 25/ 

Magnetie resonanee imaging (MRI), 

24, 24/ 


Main (primary) bronchus, 612/ 

613, 614/ 

Major burns, 117 
Major ealyees, 724/ 725 

Major duodenal papilla, 668, 

668/ 670/ 

Major histoeompatibility complex 

(MHC) genes, 597—98 

Major histoeompatibility complex 

(MHC) molecules, 585/ 
585-88,587/ 588/ 

Major minerals, 697 
Malabsorption syndrome 

(sprue), 681 

Male breast, 792-93 
Male genitalia (genitals), 773, 

827, 828/ 

Male infertility, 780, 785 
Male pattern baldness, 783 
Male pelvie floor muscles, 244, 

244/ 2 AAt 

Male pelvis, 174, 174/ 174r 
Male pronucleus, 809, 810/ 

Male reproductive system 
aging and, 801 
anatomy of, 6/ 770/ 773/ 

773-80 

fimetions of, 770 

interaetions with other systems, 802 
physiology of, 780-85 
prenatal development of, 

820/-82H 826-27, 

827/ 828/ 

during puberty, 776, 781, 783 
summary and review, 803—7 
Male sex eharaeteristies, 781 
Male sexual behavior, 783-84, 801 
Male urethra, 777-79, 778/ 
Malformations, eongenital, 497, 809, 

823, 834 

Malignant hyperthermia, 717 
Malignant tumors, 101 
Malleolus 

fraemres of, 177, 177/ 
lateral, 176/ 177, 177/ 
medial, 176, 176/ 177, 177/ 

Malleus 

fimetion of, 396, 396/ 
loeation of, 390, 390/ 391/ 
Maltase, 652r 
Maltose, 651,675, 692 
Mammae. See Breast(s) 

Mammary glands, 115, 770/ 792-93, 

793/ See also Laetation 
Mammary plexus, 570/ 

Mammary region, 13/ 

Mammillary bodies, 321, 436/ 
Mandible 

anterior view, 154, 154/ 155/ 

depression of, 185 
elevation of, 185 
excursion movements, 185 
as faeial bone, 151, 151 f 
features on, 152 1 
head of, 237/ 


lateral pterygoid plates, 158 

lateral view, 153/ 154, 154/ 239/ 

in mastieation, 152 

movement of, 236-38, 237/ 237/, 
238/ 238/ 
openings in, 158r 
posterior view, 153/ 
in temporomandibular joint, 187/ 
Mandibular braneh of trigeminal 

nerve, 158/, 330, 332/, 336 
Mandibular eondyle, 152/, 153 f, 

154, 158 

Mandibular foramen, 158í 

Mandibular fossa, 152/, 157/ 

157-58 

Mandibular proeesses, 817 
Manganese 
defieieney of, 697/ 
fimetions of, 697í 
referenee daily intake, 697í 
Mannose-binding leetin, 581 
Manual region, 13/ 

Manubriosternal symphyses, 

179/, 181 

Manubrium, 165, 166/ 167 
MAP (mean arterial pressure), 

511-12, 548 

regulation of. See Blood pressure 
regulation 

Marfan syndrome, 841/ 

Margin (bone), 150í 
Marginal arteries, 494/ 

Marker molecules, 47 
“Mask of pregnaney,” 112 
Mass, 22 
Masseter muscle 
aetion of, 236, 237/ 
innervation of, 237/ 
insertion of, 237/ 

loeation of, 235/ 237/ 

origin of, 237/ 

Mass movements, 673 
Mass number, 22/, 23—24 
Mast eells 

in eonneetive tissue, 87 
definition of, 580 

fimetions of, 579/, 580, 

590/ 591 

Mastieation 

faeial bones used in, 151—52 
fimetions of, 651 

lips and eheeks in, 647 
muscles of, 236—38, 237/ 'l'òlt 
reflexes during, 337 
teeth in, 651 

tongue in, 649 
Mastoid air eells, 153, 390 
Mastoid (posterolateral) fontanel, 180/ 
Mastoid proeess 

loeation of, 153, 153/ 154/ 157/ 

structure and fimetion, 152/, 153 
Maternal arteriole, 813/ 

Maternal venule, 813/ 

Mathematieal abilities, eerebral eontrol 

of, 359 


Matrix 

bone, 92, 93/, 127, 127/ 143 

extracellular. See Extracellular matrix 
hair bulb, 113, 114/ 

mitoehondria, 64 
nail, 115, 116/ 

Matrix vesieles, 128 
Matter, 22 

Mature eells, in tissue renewal, 98 
Mature (graafian) follieles, 787/ 788, 

789/ 794 

Maxilla 

anterior view, 154, 154/ 

155/ 156/ 

as faeial bone, 151 
features of, 152/ 

lateral view, 153/ 154, 154/ 

in mastieation, 152 
openings in, 158/ 

Maxillary artery, 530/ 

Maxillary braneh of trigeminal nerve, 

158/, 330, 332/, 336 
Maxillary proeesses, 817, 819/ 
Maxillary sinus, 156, 157/ 

Maximal stimulus, 282 
McBurney’s point, 672 
Mean arterial pressure (MAP), 

511-12, 548 

regulation of. See Blood pressure 
regulation 

Meatus, 150/, 609 
Meehanieal digestion, 645, 675 
Meehanieal energy, 29 
Meehanieal stress, on bone, 139 
Meehanoreeeptors, 345, 658 
Meconium, 833 
Medial, 12, 12/ 

Medial angle of eye, 373, 373/ 

Medial border of scapula, 168/ 170/ 
Medial (tibial) eollateral ligament, 

188/ 189, 190/ 

Medial eondyles 

offemur, 175, 175/ 190/ 

of tibia, 176, 176/ 

Medial cuneiform bones, 177, 178/ 
Medial epieondyles 

offemur, 175, 175/ 176/ 
ofhumerus, 168, 169/254/ 

Medial excursion, 185 
Medial lemniseal system, 346/, 

347-48, 348/ 

Medial ligament of ankle, 191/ 
Medial longimdinal areh, 178/ 189 
Medial malleohis, 176, 176/ 177, 

177/ 191/ 

Medial menisei, 188/ 189, 190/ 
Medial plantar artery, 535/ 536 
Medial pterygoid muscle 
aetion of, 236, 237/ 
innervation of, 237/ 
insertion of, 237/ 
loeation of, 237/ 
origin of, 237/ 

Medial pterygoid plate, 156/ 

157/ 158 
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Medial rectus muscle, 374, 

374*, 375/ 

Medial supracondylar ridge, 169/ 
Median antebraehial vein, 540/ 

Median apermre, 326 

Median cubital vein, 537/ 540, 540/ 

Median nerve 

in braehial plexus, 312, 312/ 

313,314í 

cutaneous distribution, 314í, 315/ 
injury to, 316 

muscles innervated by, 314í 
Median plane, 13 
Median saeral artery, 532, 

533/ 535/ 

Median saeral erest, 163, 165/ 

Median umbilical ligament, 825 
Mediastinum, 14, 16/ 492 
Mediated transport 
ATP-powered pumps in, 53*, 54—56, 
55/ 56/ 

in eapillary exchange, 550 

earrier proteins in, 53*, 53-54, 54/ 
ehannel proteins in, 49/ 53 
eharaeteristies, 51—52 
dehnition of, 51 

Meditation, 421 

Medium-sized veins, 524/ 526, 536 
Medroxyprogesterone 

(Depo-Provera), 798 
Medulla 

adrenal. See Adrenal medulla 
eerebral, 322, 323/ 
ofhair, 113, 114/ 

of kidney, 723, 724/ 726/ 728/ 
of lymph node, 573/ 574 
of ovary, 785, 787/ 
of thymus, 575, 576/ 

Medulla oblongata 
cardioregulatory eenter, 513—14, 

514/ 554,555/ 

eentral ehemoreeeptors in, 556-57, 

557/633/633-34 
digestive regulation by, 657—58, 659/ 
loeation, structure, and function, 

317, 317/318/319/ 

prenatal development of, 822, 822/ 
vasomotor eenter, 552, 552/ 

554,555/ 

Medullary eavity of long bone, 

131,132/ 

Medullary eoneentration gradient, 

732, 737, 737/ 

Medullary respiratory eenter, 631, 

631/632-34, 758/ 
Megakaryoeytes, 470/ 475 
Meibomian eyst (ehalazion), 373 
Meibomian (tarsal) glands, 373, 373/ 
Meiosis 

ehromosomes during, 771, 835-36 
in ooeyte maturation and 

fertilization, 787, 788/ 

789/ 809 

phases of, 68, 771, 772/ 

in spermatogenesis, 777/ 


Meiosis I, 771, 772/ 

Meiosis II, 771, 772/ 

Meissner (taetile) corpuscles, 345, 

345/ 362 

Melanin 

in eye, 376, 377, 381-82 

in hair, 114 

in skin, 111, 111/ 119 

Melanoeyte(s) 
defmition of, 107 
prenatal development of, 820 
in skin, 111, 111/ 
Melanocyte-stimulating hormone 

(MSH), 440/, 451 

Melanoma, 120, 120/ 

Melanosomes, 111, 111/ 

Melatonin, 442*, 457fi 457-58 

Membrane(s). See also speeifiie types of 

membranes 
defmition of, 96 

mucous, 96, 97/ 
serous. See Serous membranes 
synovial, 96, 97/ 181, 181/ 
Membrane attaek complex 

(MAC) ,581 

Membrane-bound reeeptors 
aetivating G proteins, 430—31 

altering intracellular enzyme aetivity, 

432-33, 433/ 
defmition of, 429, 430/ 

Membrane ehannels, 47, 49/ 53 

Membrane potentials 
abnormal, 284 

resting. See Resting membrane 
potential 

Membranous labyrinth, 391, 

392/ 393/ 

Membranous urethra, 778/ 779 
Memory, 360-62, 361/ 

Memory B eells, 579í, 588, 588/ 591/ 

591-92 

Memory engram, 360 
Memory loss, age-related, 363 

MemoryT eells, 579í, 586, 587/ 593/ 
Menarehe, 793 
Meniere disease, 402 
Meningeal layer, 325, 325/ 

Meninges 

in eranial eavity, 158 
spinal eord, 300—302, 301/ 
structure and function, 324-26, 325/ 
Meningiomas, 362 
Meningitis, faeial pimples and, 539 
Meniscus (pl., menisei) 
dehnition of, 181 
lateral, 189 

medial, 188/ 189, 190/ 
tears in, 188 

Menopause, 800-801, 80 \t 
Menses (menstmal bleeding), 794, 

795/ 796, 7%t 

Menstmal eramps, 797 
Menstmal eyele 
eessation of, 800—801, 80 ìt 

phases of, 794-96, 795/ 7%t 


Menstmal phase, 794, 795/ 

Menstmation, 794 

Mental aetivity, as nervous system 

hinetion, 268 

Mental foramen, 153/ 154/ 

155/ 158* 

Mentalis muscle 
aetion of, 234*, 236 
innervation of, 234* 
insertion of, 234* 
loeation of, 235/ 

origin of, 234* 
surface anatomy, 236/ 

Mental nerve 
in dental anesthesia, 336 
foramen or hssure of, 158* 

Mental promberanee, 154/ 155/ 

Mental region, 13/ 

Merkel eells, 107 

Merkel (taetile) disks, 345, 345/ 

Meroerine glands, 86, 87/ 
Meseneephalon (midbrain), 822, 822/ 
Mesenehyme, 88, 88*, 813/ 
Mesenterie arteries, 528/ 531, 533/ 
Mesenterie veins, 537/ 542, 543/ 

Mesentery(ies) 
loeation of, 17/ 646/ 661/ 

structure and hinetion, 18, 

647, 647/ 

Mesentery proper, 647, 648/ 
Mesoderm, 78, 815, 815/ 816* 
Mesonephrie ducts, 827, 827/ 
Mesonephros, 825, 826/ 827/ 
Mesovarium, 787/ 

Messenger ribonucleic aeid (mRNA) 
nuclear reeeptors and, 434, 435/ 

posttranseriptional proeessing of, 

66 , 68 / 

synthesis (transeription), 66, 67/ 

Metabolie aeidosis, 760—61 
Metabolie alkalosis, 760-61 
Metabolie rate, 712—13 
Metabolie states, 711, 7Wf—7\'lf 
Metabolism, 699—713 

blood how and, 552 
of earbohydrates, 700—707 
ehemieal reaetions in, 699/ 
699-700, 700/ 
dehnition of, 7, 699 
endoerine hinetion in, 426, 

450, 456 

hepatie hmetion in, 666 

of lipids, 707-8, 708/ 

oxidative, 216/ 216—17, 

703-7, 704/ 

of proteins, 708, 709/ 710/ 

reaetions in, 29 

summary and review, 718—20 

Metabotropie reeeptors, 287, 429 
Metaearpal bones, 151/ 167/ 170/ 

171, 171/ 

Metaearpophalangeal joint, 182* 
Metanephros, 825, 826/ 827/ 
Metaphase, 70, 71/ 771, 772/ 
Metaplasia, 65 


Metastasis, 101 
Metatarsal bones, 151/ 171/ 

177, 178/ 

Metatarsophalangeal joint, 182* 
Meteneephalon, 822, 822/ 
Methylmereaptan, 370 
MHC (major histoeompatibility 

complex) genes, 597-98 
MHC (major histoeompatibility 

complex) molecules, 585/ 

585-88,587/ 588/ 

Miaealein (ealeitonin), 141 

Mieelles, 677, 677/ 

Mierohlaments (aetin hlaments), 48*, 

58, 58/ 

Mieroglia, 272, 272/ 

Microtubules, 48*, 58, 58/ 

Mierovilli 

dehnition of, 85, 661 
structure and hmetion, 48*, 65, 661, 
662/ 663 

Miemrition rehex, 744-46, 745/ 

Midbrain 

basal nuclei in, 323/ 323—24, 

357, 359 

prenatal development of, 

822, 822/ 

structure and hmetion, 317, 317/ 

318/319/ 

vasomotor eenter, 552/ 552—53 
Middle eardiae vein, 495/ 

Middle eerebellar peduncles, 

318,318/ 

Middle eerebral artery, 530/ 

Middle eranial fossae, 158, 159/ 
Middle ear 

hmetion of, 396, 396/ 
structure of, 389-91, 390/ 391/ 
Middle meams, 608/ 609 

Middle meningeal artery, 158* 

Middle nasal eoneha, 156/ 608/ 
Middle phalanx 
of hnger, 171/ 
of toe, 178/ 

Midpalmar muscles, 254/ 255 
Midpieee (sperm eell), 774/ 776 
Mifepristone (RU486), 799 
Migraine headaehes, 363 
Milk letdown, 834. See also Laetation 
Milliosmole (mOsm), 732 
Millivolts (mV), 275 
Mineral(s), 695-97, 697*. See also 

speeifie minerals 

Mineraloeortieoids, 442*, 449 
Minipill, 798, 798* 

Minor burns, 117 

Minor ealyees, 723—24, 724/ 

Minor duodenal papilla, 668, 668/ 

670, 670/ 

Minute ventilation, 623, 638 
Mitoehondrion (pl., mitoehondria) 
ATP production in, 64 
in eardiae muscle, 499, 500/ 

eleetron-transport ehain in, 

706, 706/ 
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in muscle fiber, 20 1/ 202 f, 

206/ 208/ 

in neurons, 269, 270 f 
in sperm eells, 774/ 
structure and fimetion, 48 1, 62/ 

64, 64/ 

Mitosis, 68, 70, 70/71/ 

Mitral valve. See Bicuspid valve 
Mixing waves, 658-60, 660/ 

Mline, 200, 201/202/ 

Mnemonies 
earpal bones, 169 
eranial nerves, 329 
rotator cuff muscles, 249 
tarsal bones, 177 
Mobile end (insertion), 230 
Moderate burns, 117 

Molars, 649, 649/ 650/ 

Mole(s), 111 
Molecule(s) 

blood transport of, 467 
cellular synthesis of, 46 
versiis compounds, 27 
eovalent bonding, 25, 26/ 
formation of, 26—27 
Molybdenum 
defieieney of, 69 7t 
ffmetions of, 69 7t 
referenee daily intake, 69 71 

Monoamines, 413 
Monoelonal antibodies, 589, 594 
Monocular vision, 389 

Monoeytes, 474, 579, 579í 
Monoglyeerides, 34, 677, 677/ 
Monosaeeharides 
digestion of, 676, 676/ 

692, 700 

structure and fimetion, 33, 

3 4t, 35/ 

Monounsaturated fats, 36, 693 
Monozygotie (identieal) twins, 810 
Mons pubis, 786/ 791, 791/ 
Morning-after pills, 799-800 
Momla, 810, 811/ 

Motility, 646 

Motion siekness, 401 
Motor aetivities, modifying and 

refining, 357-58 

Motor areas of eerebral cortex, 

352-53, 353/ 

Motor (efferent) division, 268-69, 

329, 352-58 

Motor end-plate, 206/ 207, 207/ 209/ 

Motor (efferent) neurons 
aging and, 362—63 
autonomic versus somatie, 408, 408/ 
axons of, 200/ 204, 206/ 206-7, 
212/303, 408,410 
eell body (soma) of, 303, 408/ 

408-11,409/ 

definition of, 204, 270 
enterie, 412 

lower, 352, 354-55, 355/ 

in motor unit, 212, 212/ 

in reflex are, 304, 305/ 


in spinal eord, 303, 304/ 
upper, 352, 354-55, 355/ 

Motor speeeh area (Broea area), 349/ 

358, 360/ 

Motor traets, 353/ 353/, 

353-57, 354/ 

Motor unit, 212, 212/ 

Mouth. See Oral eavity 
Movement(s) 
angular, 183, 184/ 185/ 

circular, 183-84, 185/ 

eombination, 186 

in digestive system, 646, 653, 654/ 
658-61, 663, 673-74 
of eye, 374/, 374-75, 375/ 

gliding, 183 

by joint elass, 179/, 182 1 
as muscular system fimetion, 198, 

230-31 

proprioeeption in, 346, 348 
as skeletal system fimetion, 126 
speeial, 185-86 

types of, 183-86, 184/-186/ 

voluntary, 352 

MRI (magnetie resonanee imaging), 

24, 24/ 

mRNA. See Messenger ribonucleic aeid 
MSH (melanocyte-stimulating 

hormone), 440/, 451 
Mucin, 651 
Mucosa 

of digestive system, 645, 656/ 661, 

663, 673 

of uterine tube, 786/ 790 
Mucous eonneetive tissue, 88, 88 1 

Mucous epithelium, 645 

Mucous fluid, 651 

Mucous membrane, 96, 97/ 743 

Mucous membrane (endometrium), 

786/ 790, 794-96, 

795/ 800 

Mucous neek eells, 655, 656/ 

Mucus 

eervieal, 790-91, 797 
digestive, 652/, 655, 663 

olfaetory, 370, 370/ 

respiratory, 609, 612—15, 638 

seeretion of, 85 

Miillerian (paramesonephrie) ducts, 

827, 827/ 

Miillerian-inhibiting hormone, 827 
Multiaxial joints, 181, 182/, 183 
Multifactorial traits, 839 
Multiple alleles, 838 
Multiple-fiber summation, 212 

Multiple selerosis, 285, 594 
Multipolar neurons, 270, 271/ 
Multipotent stem eells, 99 
Multiunit smooth muscle, 221 
Mumps, 651 
Murmurs, 511 
Muscarinic agents, 417 
Muscarinic bloeking agents, 417 
Muscarinic reeeptors, 413—15, 

415/417 


Muscle(s), 149-96. See also Cardiac 

muscle; Skeletal muscle; 

Smooth muscle; speeifie mnseles 
definition of, 93 
fimetional properties of, 198 
respiratory, 618, 618/ 

types of, 198, 199í 
Muscle eontraetion 

eardiae, 506-11, 507/ 508/ 

skeletal. See Skeletal muscle eontraetion 
smooth, 221—22 

Muscle faseieles, 199, 200/ 201/ 
Muscle spindles, 306, 306/ 346, 362 
Muscle tone, 214, 222 
Muscle twitch, 211,211 1, 211/ 222 

Muscular arteries, 523, 524/ 525, 553 

Muscular atrophy, 220 
Muscular faseia, 199, 200 f 
Muscular fatigue, 215 
Muscular hypertrophy, 219-20 
Muscularis mucosa, 645, 646/ 
Muscular layer 
of uterine tube, 786/ 790 
of uterus (myometrium), 786/ 790 
Muscular pain, frorn exercise, 214 
Muscular system, 229—66. See also 

Skeletal muscle; speeifie muscles 
anatomy of, 5/ 
energy requirements, 713 
fimetional groupings, 230 
fimetions of, 5/ 198 
general prineiples, 230-31 

head and neek, 232/-233/ 234-41 

interaetions with other systems, 223 

lower limb, 232/-233/ 255—63 

movements aeeomplished by, 

231,231/ 

nomenelamre, 230—31 
prenatal development of, 820/--821/, 
821-22 

summary and review, 224—28 

trunk, 232/2233/ 241-46 
upper limb, 232/^233/ 246-55 

Musculocutaneous nerve 
in braehial plexus, 312, 312/ 

313, 314 1 

cutaneous distribution, 314/, 315/ 
muscles innervated by, 314 1 
Mutated allele (gene), 838, 839 
Myasthenia gravis, 208, 288í 
Myeleneephalon, 822, 822/ 

Myelin, 34 1 
Myelinated axons 
aetion potential propagation in, 

284/ 284-85 

regeneration of, 286, 286/ 303 
stmemre and fimetion, 273, 273/ 
Myelin sheaths, 270/ 272, 272/ 

273, 285 

Myelogram, 301 

Myenterie plexus, 645-46, 646/ 

Mylohyoid muscle 
aetion of, 238 1 
innervation of, 238 1 
insertion of, 238 1 


loeation of, 238/ 
origin of, 238í 
Myoblasts, 821 
Myoeardial infaretion, 501 
Myocardium, 493, 493 f 
Myoepithelial eells, 793 
Myofibrils 

in eardiae muscle, 499, 500/ 
fimetion of, 499 

in motor unit, 212, 212/ 
stmemre and fimetion, 199—200, 
201/202/ 

Myofilaments 

eross-bridge movement, 209/^210/ 

209-11 

fimetion of, 202-4, 203/ 

in smooth muscle, 221, 221/ 
stmemre of, 200, 201/ 202/ 

Myoglobin, 219 

Myometrium (muscular layer), 

786/ 790 

Myopia (nearsightedness), 386, 386/ 
Myosin 

energy stored in, 209, 210/211,218 
fimetion of, 34 1 

Myosin ATPase, 200, 210/218, 

218/, 222 

Myosin kinase, 222 
Myosin myofilaments 
in eardiae muscle, 499 
eross-bridge movement, 209/4210/ 

209-11 

fimetion of, 202-4, 203/ 

in smooth muscle, 221, 221/ 
stmemre of, 200, 201/ 202/ 

Myosin phosphatase, 222 
Myombes, 821 
MyPyramid, 690, 692, 692/ 
Myxedema, 445 

N 

NADH, 7Q\f-7Q2f, 702-3, 705-6 
Nail(s) 

definition of, 115 
as diagnostie aid, 119 
prenatal development of, 820, 

820/--82H 
stmemre, 115, 116/ 

Nail bed, 115, 116/ 

Nail body, 115, 116/ 

Nail fold, 115, 116/ 

Nail matrix, 115, 116/ 

Nail root, 115, 116/ 

Naive lymphoeytes, 586, 593/ 

Naproxen, 97 

Nares (nostrils), 607, 608/ 

Nasal bone 

anterior view, 154/ 155, 155/ 15 6/ 
as faeial bone, 151 
lateral view, 153/ 

Nasal eavity 

anatomy of, 607/ 607-9, 608/ 
bones of, 154/ 155—56, 156/ 
olfaetory region in, 370, 370/ 
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Nasal eonehae, 154/ 156, 156/ 

608/ 609 

Nasalis muscle 
aetion of, 234í 
innervation of, 234í 
insertion of, 234* 
origin of, 234r 
surface anatomy, 236/ 

Nasal plaeodes, 817, 819, 819/ 

Nasal region, 13/ 

Nasal septum, 609 
anterior view, 154/ 155, 156, 156/ 
deviated, 155 

Nasolaerimal eanal, 153/ 155, 

155/ 158* 

Nasolaerimal duct, 158/, 374, 

374/ 609 

Nasopharynx, 608/ 609 
Nasus (nose), 607-9, 608/ 

National Geographie Soeiety, smell 

survey, 371 

Natural killer (NK) eells, 579/, 580, 

583,592 

Navicular bones, 177, 178/ 

Near point ofvision, 380 
Nearsightedness (myopia), 386, 386/ 
Near vision, 380, 380/ 

Neek 

arteries of, 527, 529/ 530/ 531 

as body region, 13 

innervation of, 310, 310/413, 414/ 
muscles moving, 240, 240/ 240* 
muscles of, 2'ò2f—2'ò'òfi 234-41, 

242/ See also speeifie mnseles 

veins of, 536-39, 538/ 539/ 

Neek (bone), 150r 

Neek (tooth), 649, 650/ 

Neerosis, 526, 531 

Negative, 8 

Negative-feedbaek meehanisms 
in blood pressure regulation, 8/ 8-9, 
9 / 10 / 

in body temperature regulation, 
716,716/ 
dehnition of, 8 

in homeostasis, 8/ 8-9, 9/10/ 

in hormone seeretion, 428, 444, 

444/ 446, 450, 450/ 456 

during menstmal eyele, 794 
Negative seleetion, 584 
Neonate. See Newborn 
Neoplasm, 101 
Nephron 

eoneentration of solutes in, 734 
hinetion of, 727—38 
structure of, 725, 726/ 
urine flow through, 744 
Nephronie loop (loop of Henle) 
loeation of, 725, 726/ 728/ 

reabsorption in, 733, 734/ 

Nerve(s), 309—16. See also speeifie 

nerves 

definition of, 268, 273 
regeneration of, 286, 286/ 303 

structure of, 309, 309/ 


Nerve eells. See Neuron(s) 

Nerve fibers. See Axon(s) 

Nervous system, 6/ 267-98. See also 

Central nervous system; 
Peripheral nervous system 
aging and, 362-63 

eells of, 269—73. See also Glial eells; 
Neuron(s) 

eompared to endoerine system, 

426-28, 427/, 428/ 

eontrol of blood flow by, 552 f, 

552-53 

eleetrie signals in. See Aetion 
potential(s) 

enterie, 269, 409, 412, 420, 

646, 658 

fimetions of, 268, 426 

hormone seeretion regulated by, 

428, 598 

integration in, 268, 294, 343-68 
interaetions with other systems, 364 
organization of, 269, 269/ 294 

parts of, 268/ 268-69 
prenatal development of, 815—16, 
816/ 820/--821/, 822 
summary and review, 295-98, 
365-68 

synapses in. See Synapse(s) 

Nervous tissue 
organization of, 273 
response to injury, 286, 286/ 
structure and fimetion, 95, 96* 

Neural erest eells, 78, 815, 816, 822 
Neural folds, 815, 816/ 

Neural groove, 815, 816/ 

Neural layer of retina, 381, 381/ 
Neural plate, 815, 816/ 

Neural tube, formation of, 815—16, 

816/822, 822/ 

Neural tube defeets, 817 
Neuroblastoma, 449 

Neuroectoderm, 78, 816 
Neurofibromatosis, 841* 

Neurogenic shoek, 563 
Neuroglia. See Glial eells 
Neurohypophysis. See Posterior 

pituitary 

Neuromodulators, 287, 288*-291* 
Neuromuscular-blocking drugs, 208 
Neuromuscular junction (synapse) 
in motor unit, 212, 212/ 
in smooth muscle, 221 
structure and fimetion, 200/ 206/ 
206-8 
Neuron(s) 
adrenergie, 413 

eholinergie, 413 

definition of, 95, 269 

enterie, 412, 420, 646 
excitatory, 291, 293, 304 
fimetion of, 95, 96* 
inhibitory, 292, 293, 304 

motor. See Motor neurons 

olfaetory, 370, 370/ 

resting membrane potential of, 275 


sensory. See Sensory neurons 

in smooth muscle, 221 

structure of, 95, 96*, 269—70, 270/ 

synapses. See Synapse(s) 

tissue repair, 99 

types of, 270, 271/ 

Neuronal pathways and circuits 
for balanee, 401 
deseribed, 294, 294/ 

for hearing, 398 

motor, 353/ 353*, 353-57, 354/ 

for olfaetion, 370/ 371 

sensory, 346/ 346*, 346-48 

for taste, 372 

for vision, 384, 385/ 388-89 
Neuropeptides, 291* 

Neuroprotective agents, 291* 
Neurotransmitters. See also speeifie 

neu rotransmitters 

in autonomic nervous system, 413 
elinieal examples, 288*—290* 
definition of, 270 
release of, 285-87, 287/ 
removal of, 287 
for skeletal muscle, 204 
for smooth muscle, 221 
Neutral solution, 31, 32/ 

Neutron, 23, 23/ 

Neutrophil(s) 

fimetions of, 474, 579*, 

579-80, 591 

in inflammation, 97, 98/ 582 

structure of, 474, 474/ 579 
Newborn (neonate), 831-34 
eongenital disorders in, 497, 809, 

823, 834 

digestive ehanges in, 833—34 
fontanels and sutures, 179, 180/ 
respiratory and circulatory ehanges 

in, 831-33, 833/ 

Niaein. See Vitamin B 3 
Nieotinamide adenine dinucleotide 

(NAD+), 702 
Nieotine, 413, 417 
Nieotinie agents, 417 
Nieotinie reeeptors, 413—15, 

415/417 

NIDDM (noninsulin-dependent 

diabetes mellitus), 452—53 
Night blindness (nyetalopia), 387 
Nipple, 792, 793/ 

Nissl substance, 269, 270/ 

Nitrie oxide (NO), 291*, 413, 784 

Nitrogen 

eharaeteristies of, 22* 
hydrogen bonds, 26 

Nitrogen balanee, 694-95 

Nitroglyeerin, 649 

NK (natural killer) eells, 579*, 580, 

583,592 

NO (nitrie oxide), 291*, 413, 784 
Noeieeptors, 345 
Nocturnal emission, 783 
Node of Ranvier, 270/ 273, 273/ 

284/284-85 


Noise-related hearing loss, 397 
Noncommunicating hydrocephalus, 327 
Nondeelarative memory, 361 
Non-depolarizing bloeking agents, 208 
Noneleetrolytes, 27 

Nonencapsulated lymphatie tissue, 572 
Nonessential amino aeids, 694 
Nongated ion ehannels (leak ehannels), 

274/ 274-76, 276/ 

Non-Hodgkin lymphomas, 573 
Noninsulin-dependent (type 2) 

diabetes mellims (NIDDM), 

452-53 

Nonkeratinized stratified squamous 

epithelium, 82, 83* 

Nonpolar eovalent bond, 26 
Nonpolar molecules, 26 
Norepinephrine (noradrenaline) 
disorders involving, 289* 
effeet on eardiae muscle, 513, 514/ 
precursor, 418 
reeeptors for, 415 

seeretion of, 410, 413, 442*, 447 

in smooth muscle eontraetion, 221 

structure and fimetion, 289*, 442*, 

447-49 

vasomotor effeets of, 553, 

556, 556/ 

Normal range, 7, 7/ 9, 10/ 

Nose (nasus), 607-9, 608/ 

Nostrils (nares), 607, 608/ 

Noteh (bone), 150* 

Notoehord, 815, 815/ 

Nuchal lines, 152*, 153, 153/ 

Nuchal region, 13/ 

Nuclear envelope, 48*, 59, 59/ 

Nuclear pores, 59, 59/ 

Nuclear reeeptors, 430, 430/ 

434,435/ 

Nucleases, 652*, 671 
Nuclei (brain), 273 
Nucleic aeids, 34*, 40, 41/ 

Nucleolus, 48*, 60, 61/ 

Nucleoplasm, 59, 59/ 

Nucleotides, 40 
Nucleus (atom), 23, 23/ 

Nucleus (eell) 

in eardiae muscle eells, 224, 

499,500/ 

definition of, 59 
in neurons, 269, 270/ 
in skeletal muscle eells, 199, 201/ 
in smooth muscle eells, 221, 221/ 
in sperm eells, 774/ 776 
structure and fimetion, 48*, 59/ 
59-60,60/ 

Nucleus pulposus, 162, 163/ 

Nurse eells, 776 
Nursemaid’s elbow, 188 
Nutrients. See also speeifie nutrients 
definition of, 690 
digestion of. See Digestion 
essential, 690 
intereonversion of, 666, 
708-11,710/ 
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lndex 


metabolism of. See Metabolism 

transport of, 467, 523, 675-81 
Nutrition, 690-99 

and bone growth, 138 

definition of, 690 

dietary guidelines, 690, 692, 692f, 

695, 698-99, 712 

disorders of, 714—15. See also speeifie 
disorders 

endoerine regulation of, 426 
food labels, 698, 698/ 
hormonal regulation of, 456 
for newborn, 834 
summary and review, 718—20 
Nyetalopia (night blindness), 387 
Nystagmus, 359, 401 

O 

OA (osteoarthritis), 191 
Obesity, 714—15 

Oblique eord, 180/ 

Oblique fraemres, 139, 139/ 

Oblique muscles, 374/, 375/ 

Oblique seetion, 14, 16/ 
Obsessive-compulsive disorder 

(OCD), 289 1 

Obturator externus muscle 
aetion of, 256/, 260 1 
innervation of, 25 6t 
insertion of, 25 6t 
loeation of, 255/ 
origin of, 256í 

Obturator foramen, 172, 172/ 173/ 
Obmrator internus muscle 
aetion of, 256/, 260 1 
innervation of, 25 6t 
insertion of, 256í 
loeation of, 255/ 
origin of, 25 6t 
Obmrator nerve 

cutaneous distribution, 314/, 315/ 
in lumbosacral plexus, 314/, 315 
muscles innervated by, 31 4t 
Oeeipital artery, 530/ 

Oeeipital bone 
in eranial eavity, 159/ 
feamres of, 152í 
lateral view, 153/ 

openings in, 157, 157/ 158í 

posterior view, 152, 153/ 
superior view, 152/ 

Oeeipital eondyles 
deseribed, 152í 
inferior view, 157, 157/ 
posterior view, 153/ 

Oeeipital (posterior) fontanel, 180/ 

Oeeipital lobe, 321, 322/ 349 

Oeeipital region, 13/ 

Oeeipital sinus, 538/ 
Oeeipitofrontalis muscle 
aetion of, 234/, 236 

innervation of, 234í 
insertion of, 234í 
loeation of, 235/ 237/ 


origin of, 234í 
surface anatomy, 236/ 
Oeeipitomastoid suture, 153/ 

OCD (obsessive-compulsive disorder), 

289 1 

Oculomotor (CN III) nerve 
disorders of, 331 1 
foramen or fissure of, 158/, 331 1 

fimetions of, 234/, 329, 331/, 375, 
376, 380 

origin of, 329, 330/ 
parasympathetie division from, 410, 

413,414/ 

Odontoid proeess (dens), 163, 164/ 
Odorants, 370—71 

OI (osteogenesis imperfeeta), 

128, 84 lí 
Oils, 693 

Oleeranon bursa, 187, 187/ 188 
Oleeranon bursitis, 188 
Oleeranon fossa, 169/ 

Oleeranon proeess, 168, 170/ 
Oleeranon region, 13/ 

Olfaetion, 370-71, 401, 607 
Olfaetory bulb, 325/ 370/ 

371, 823 

Olfaetory cortex 

loeation of, 325/ 349/ 370/ 
stmemre and fimetion, 324, 

349, 371 

Olfaetory epithelium, 370, 370/ 
Olfaetory foramina 
in eribriform plate, 158 
in nasal eavity, 156/ 
stmemres passing through, 158, 

158/, 159/ 

Olfaetory hairs, 370, 370/ 

Olfaetory (CN I) nerve 
in eranial eavity, 158 
disorders of, 331 1 
foramen or fissure of, 158/, 331 1 

fimetions of, 329, 33 lt 

in nasal eavity, 370/ 

origin of, 329, 330/ 

Olfaetory nerves, 370/ 371, 823 
Olfaetory neurons, 370, 370/ 
Olfaetory reeeptors, 370, 370/ 
Olfaetory reeess, 156/ 

Olfaetory traets, 370/ 371 
Oligodendroeytes, 272, 272/ 

Omental bursa, 647, 648/ 

OMIM (Online Mendelian 

Inheritanee in Man), 840 
Omohyoid muscle 
aetion of, 238 1 
innervation of, 238 1 
insertion of, 238 1 
loeation of, 238/ 
origin of, 238í 
Oneogenes, 839 
Oneology, 101 

Online Mendelian Inheritanee in Man 

(OMIM), 840 

Ooeytes 

ehromosomes in, 771 


fertilization of, 787-88, 788/ 797/ 
800, 809, 810/ 

mamration of, 770, 785-87, 788/ 
789/ 794 

meiosis in, 68 

primary, 787, 787/ 788/ 789/ 794 
seeondary, 787, 788/ 789/ 794 
Oogenesis, 785-87 
Oogonia, 785-87, 788/ 

Open fiaemres, 139 
Open head injuries, 324 
Ophthalmie artery, 158í 
Ophthalmie braneh of trigeminal 

nerve, 158/, 330, 332/, 336 
Ophthalmie veins, 158/, 538/ 539 
Ophthalmoseope, 378, 378/ 418 
Opiates, 291 1 

Oppormnistie infeetions, 597 
Opposition movement, 185 

Opsin, 382, 383/ 384 
Optie eanal 

anterior view, 154/ 155, 155/ 
stmemres passing through, 158 1 
superiorview, 159/ 

Optie ehiasm, 320/ 388, 436/ 

Optie dise, 378, 378/ 381, 382/ 

Optie (CN II) nerve 
disorders of, 33 \t 
in eyeball, 376/ 381 
foramen or fissure of, 155, 

158/, 331* 

fimetions of, 329, 331/, 378, 

382, 384 

origin of, 329, 330/ 
visual pathways, 384, 385/ 

388-89 

Optie radiations, 388 

Optie stalk, 823 
Optie traets, 388 
Optie vesiele, 823 

Oral eavity (mouth) 

anatomy of, 608/ 647—51, 649 f 

digestion in, 676í 

loeation of, 645 f 647 

muscles moving, 236—38, 237/ 237/, 
238/ 238* 
seeretions of, 652í 
skin surrounding, 647 
muscles moving, 24-236, 234/, 

235/ 236/ 647 

taste buds in, 371, 372/ 

Oral eavity proper, 647 
Oral eontraeeptives, 796, 798, 

798/, 799/ 

Oral region, 13/ 

Orbicularis oculi muscle 

aetion of, 234/, 236, 373 
innervation of, 234í 
insertion of, 234 1 

loeation of, 235/ 373, 373/ 
origin of, 234í 
surface anatomy, 236/ 

Orbicularis oris muscle 
aetion of, 234/, 236 
innervation of, 234í 


insertion of, 234í 

loeation of, 235/ 237/ 647 

surface anatomy, 236/ 

Orbit(s), 154/ 155, 155/ 

Orbital region, 13/ 

Organ(s), definition of, 3 
Organelles. See also speeifie organelle 
of eardiae muscle eells, 499 
definition of, 3, 46, 48/, 59 

of neurons, 269, 270/ 
of skeletal muscle fibers, 

199-200, 201/ 
of smooth muscle eells, 221/ 

221-22 

whole-cell aetivity, 65 
Organie ehemistry, 33-41 
earbohydrates, 33, 34/, 35/ 

definition of, 33 

enzymes, 39/ 39-40, 40/ 
lipids, 34/, 34-37, 35/ 36/ 37/ 
nucleic aeids, 34/, 40, 41/ 
proteins, 34/, 37/ 37-39, 38/ 

Organism 
definition of, 4 
human. See Human organism 
Organism level of organization, 3/4 
Organization 
eell level, 3, 3/ 
ehemieal level, 3, 3/ 
definition of, 7 
organism level, 3/4 
organ level, 3/ 4, 4/ 
organ system level, 3/ 4, 5f—6f 
tissue level, 3, 3/ 

Organ level of organization, 3/ 4, 4/ 
Organ of Corti (spiral organ), 

391, 393/ 

Organogenesis, 820 
Organophosphate poisoning, 214 
Organ reserve, 102 

Organ system(s). See also speeifie systems 
prenatal development of, 820/--821/, 

820-27 

Organ system level of organization, 3/ 

4, 5/-6/ 

Orgasm (climax) 

female, 797 
male, 783 

Origin (muscle), 230 
Oropharyngeal membrane, 817, 818/ 
Oropharynx, 608/ 609, 651—52 
Orthostasis, 8 
Orthostatie hypotension, 8 

Oseillating eiraiits, 294, 294/ 
Oseilloseope, 275, 275/ 

Osmolality, regulation of, 739-42, 

749/749-50, 751/ 

Osmole (Osm), 732 
Osmoreeeptor eells, 738, 749, 751/ 
Osmosis 

aeross plasma membrane, 51, 52/ 

53/-, 54/ 550, 748 
blood and, 467, 550—51 

definition of, 51, 550, 730 

in kidneys, 730, 732, 732/ 
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Osmotie diuretics, 735 
Osmotie pressure, 51, 467 
Ossifieation 

in bone repair, 141, 142/ 
definition of, 128 

endoehondral, 134, 135/ 

intramembranous, 133/ 

133-34, 134/ 

proeess of, 128, 128/ 

Osteoarthritis (OA), 191 
Osteoblasts 
definition of, 87 
histology, 128, 128/ 

Osteoehondral progenitor eells, 129 
Osteoelasts 
definition of, 87 
histology of, 128—29 
Osteoeytes 
definition of, 87, 92 
histology of, 128, 128/ 

Osteogenesis, 128. See also Ossifieation 
Osteogenesis imperfeeta (OI), 

128,841 t 

Osteomalaeia, 138 
Osteon(s), 129, 130/ 

Osteoporosis 
causes of, 140-41 
definition of, 140, 140 f 
diagnostie test for, 141 
genetie faetors in, 140 
treatment of, 141 
Osteosareoma, 101 
Otie region, 13/ 

Otolithie membrane, 398/ 399, 399/ 

Otoliths, 398/ 399 

Otoselerosis, 402 

Outer hair eells, 392, 393/ 397 

Oval window 
fiinetion of, 396, 396/ 
loeation of, 390, 390/ 392/ 393/ 
Ovarian arteries, 532, 533/ 

Ovarian eaneer, 801 
Ovarian follieles 
graafian (mature), 787/ 788, 

789/ 794 

primary, 787/ 788 

primordial, 787/ 788, 789/ 
seeondary, 787/ 788, 789/ 

Ovarian ligament, 785, 786/ 

Ovary (ph, ovaries) 
deseent of, 774, 826 

during fertilization, 797, 797/ 800 

histology of, 785, 787/ 
hormones of, 442/, 457, 782/, 793, 
800-801 

loeation of, 426/ 770/ 786/ 
during menopause, 800-801 
during menstmal eyele, 

794-96, 795/ 

prenatal development of, 826, 827/ 
structure of, 785, 786/ 
supporting ligaments, 785, 786/ 

Ovulation, 787, 789/ 794, 

795/ 7%t 

Oxidation, 699 


Oxidation-reduction reaetion, 

699-700, 700/ 

Oxidative, 218 

Oxidative deamination, 708, 710/ 
Oxidative metabolism (aerobie 

respiration), 216/ 216-17, 
703-7, 704/ 

Oxygen (0 2 ) 

blood transport of, 472-73, 

625-29 

cardioregulation and, 516 
eharaeteristies of, 22 1 
hydrogen bonds in, 26, 27/ 
partial pressure gradients, 625, 627, 

634-35 

as respiratory regulator, 634-35 
structure and fimetion, 33 
vasomotor regulation and, 

556-57, 557/ 

Oxygenated blood, 617 
Oxygen consumption, after 

exercise, 217 

Oxygen debt (EPOC), 217 
Oxygen-hemoglobin dissoeiation 

curve, 627-29, 628/ 629/ 
Oxytocin 

fimetions of, 436-38, 440/, 

782/, 797 

during labor, 830—31, 831/ 

during laetation, 834, 835/ 

P 

Paeemaker, artifieial, 505 
Paeemaker eells, 222, 502—3 
Paeini (lamellated) corpuscles, 345, 

345/ 362 

Pain 

baek, 241 
ehronie, 351 
definition of, 350 
gate-eontrol theory of, 350 
headaehes, 363 

menstmal, 797 

muscular, 214 

phantom, 350—51 

referred, 350, 351/ 516 

reflex are in response to, 304, 305/ 

sensation of, 292 
shoulder, 250 

Pain reeeptors, 345 
Pain therapy 
dmgs used for, 350 
neurotransmitters in, 291 1 
Paired bone, 150 
Palate 

eleft, 158, 819 

hard (bony) 

loeation of, 156/ 157/ 608/ 649/ 

structure and fimetion, 158, 

609,649 

primary, 817-18, 819/ 
seeondary, 819 

soft, 608/ 609, 649, 649/ 

structure and fimetion, 649 


Palatine bone 
as faeial bone, 151 
feamres of, 152 1 
in nasal eavity, 156/ 
in orbit, 155/ 

Palatine proeesses of maxillae, 152/, 

157/ 158 

Palatine tonsils, 572, 572/ 608/ 

609,649 

Palatoglossus muscle 
aetion of, 239 1 
innervation of, 239 1 
insertion of, 239 1 
loeation of, 239/ 
origin of, 239 1 
Palmaris longus muscle 
aetion of, 253 1 
innervation of, 253 1 
insertion of, 253í 
loeation of, 254/ 
origin of, 253 1 
Palmar region, 13/ 

PAMPs (pathogen-assoeiated 

molecular patterns), 579 
Panereas 

anatomy and histology of, 670, 670/ 

ftmetions of, 453—54 
hormones of, 442/, 453-56 

innervation of, 412 

loeation of, 4/ 426/ 453, 454/ 645/ 
648/ 662/ 670 

prenatal development of, 823 
seeretions of, 670-71 
regulation of, 671/ 671—72 

structure of, 453, 454/ 

Panereatie amylase, 652/, 671, 675 
Panereatie eaneer, 671 
Panereatie ducts, 662/ 668/ 670, 670/ 
Panereatie islets, 453, 454/ 670, 670/ 
Panereatie juice, 670-71 
Panereatie lipase, 652/, 671 
Panereatie veins, 542 
Panereatitis, 671 

Paneth (granular) eells, 661, 673, 725 
Pannus, 191 
Pantothenie aeid 
defieieney of, 696í 
fiinetions of, 69 St 
referenee daily intake, 69 6t 
sources of, 696t 
Papanicolaou (Pap) smear, 790 
Papilla(e), 371 
dermal, 109/ 

duodenal, 668, 668/ 670, 670/ 

hair, 113, 114/ 
renal, 723, 724/ 726/ 

Papillary duct, 725, 726/ 

Papillary layer of dermis, 109/ 

109/, 112 

Papillary muscles, 495-96, 496/ 497/ 
Papillomavims, 111 
Paraerine ehemieal messengers, 458 
Parafollicular (C ) eells, 441, 441/ 

442/, 446 

Parahippoeampal gyms, 324, 325/ 


Paramesonephrie (miillerian) ducts, 

827, 827/ 

Paranasal sinuses, 156, 156/ 157/ 

608/ 609 

Parasympathetie (muscarinic) bloeking 

agents, 417 

Parasympathetie division (ANS) 
blood pressure regulation by, 

554,555/ 

eompared to sympathetie, 412 1 
definition of, 268-69, 329 
digestive fimetion regulated by, 651, 

673-74, 674/ 

ftmetions of, 413, 414/ 416/, 

420-22 

heart rate regulated by, 513-14, 514/ 
miemrition regulated by, 

744-45, 745/ 

neurotransmitters seereted by, 413 
reeeptors, 415/ 4l6í 
reflexes, 418, 419/ 
sexual fimetion regulated by, 

783-84, 784/ 

structure of, 410, 412/ 
Parasympathomimetie (muscarinic) 

agents, 417 

Parathyroid glands 
aging and, 458 
disorders of, 448 
ftmetions of, 446, 447/ 
loeation of, 426/ 441/ 446 

prenatal development of, 823 

structure of, 441/ 446 
Parathyroid hormone (PTH) 
abnormal levels of, 448 
in calcium homeostasis, 142, 143/ 

446, 447/754-55 

in osteoporosis, 141 
seeretion and ftmetions of, 

442/, 446 

Paraurethral (lesser vestibular) 

glands, 791 

Paravertebral ganglia, 410 
Parietal arteries, 531 
Parietal bones 
in brainease, 151 
in eranial eavity, 159/ 
feamres of, 152 1 

loeation of, 152—53, 152^154/ 
Parietal eells, 655, 656/ 657/ 657—58 
Parietal layer, 725, 727/ 

Parietal lobe, 321, 322/ 349, 354 
Parietal pericardium, 17/ 492/ 493 
Parietal peritoneum, 17/ 647, 648/ 
Parietal pleura, 612/ 614/ 616, 617/ 
Parietal serous membranes, 14, 

17/647 

Parkinson disease, 289/, 329, 359 
Parotid glands, 651, 651/ 

Parotiditis, 651 

Paroxysmal atrial taehyeardia, 50 4t 
Partial pressure, 624, 62At 
Partial pressure gradients, 625—27, 

634-35 

Partial-thiekness burns, 116, 117/ 
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Parturition. See Labor 

Passive artifieial immunity, 599 

Passive immunity, 598 

Passive natural immunity, 599 

Pateh (eontraeeptive), 798/, 798-99 

Patella 

loeation of, 151/ 176fi 190 f 

structure and fiinetion, 171/ 176 
Patellar groove, 175f, 176 
Patellar ligament, 190/ 259 
Patellar (knee-jerk) reflex, 307 
Patellar region, 13/ 

Patellar retinaculum, 190 f 
Patellar tendon, 259 
Patent ductus arteriosus, 497, 833 
Pathogen(s) 

extracellular, 580-83, 585 f 

intracellular, 580, 583, 585 f 
Pathogen-assoeiated molecular patterns 

(PAMPs), 579 

Pathways (fasciculi or traets), 273, 

302, 302/ 

“Pattern baldness,” 114 

Pavlov, Ivan, 361 

PC0 2 (partial pressure of earbon 

dioxide), 626—27, 634 
Peetinate muscles, 493 
Peetineal line, 174, 175/ 

Pectineus muscle 
aetion of, 258/, 260 1 
innervation of, 258 1 
insertion of, 258 1 

loeation of, 257/ 259 f 

origin of, 258 1 
Peetoral girdle 
loeation of, 151/ 
structure and fimetion, 167, 167/ 
168/ 170/ 

Peetoralis major muscle 

aetion of, 248, 248/, 250í 
innervation of, 248 1 
insertion of, 248í 
loeation of, 243/ 247/ 248/ 

origin of, 248 1 
Peetoralis minor muscle 

aetion of, 246, 2 46t 

innervation of, 2 46t 
insertion of, 246í 
loeation of, 247/ 
origin of, 246í 

ventilatory fimetion of, 618, 618/ 
Peetoral region, 13/ 

Pedieles 

of eervieal vertebrae, 164/ 
deseribed, 161, 161 1 
of lumbar vertebrae, 164/ 
of thoraeie vertebrae, 164/ 

Pedigree, 842, 842/ 

Pelvie brim 

male versus female, 174/ 
structure, 173, 173/ 

Pelvie eavity, 14, 16/ 174 
Pelvie diaphragm, 244 
Pelvie floor muscles, 244, 

244/ 2 AAt 


Pelvie girdle 
loeation of, 151/ 

structure and fimetion, 167, 171—74, 

171/-174/ 

Pelvie inlet, 173, 174í, 174/ 

Pelvie outlet, 173-74, 174«, 174/ 
Pelvie region, 13/ 

Pelvie splanehnie nerves, 410, 

413,414/ 

Pelvis 

anterosuperior view, 172/ 

arteries of, 528/ 534/ 534-35, 535/ 

definition of, 13, 171 

innervation of, 413, 414/ 

male versus female, 174, 174/, 174/ 

veins of, 537/ 541, 543/ 544/ 545/ 

Penis 

loeation of, 770/ 773/ 

prenatal development of, 827, 828/ 
sexual fimetion of, 783-84, 784/ 
structure of, 778/ 779 
Pepeid (famotidine), 658 
Pepsin, 652/, 655, 671, 679 
Pepsinogen, 655 
Peptie ulcers, 680 
Peptidases, 652/, 663, 679 
Peptide(s), 413, 655, 658 
Peptide bond, 37, 655 

Pereent Daily Value (% Daily Value), 

698-99 

Pereeption. See Sensation 
Perforating eanals, 130/ 130-31 
Perforin, 592 
Perieardial eavity 
loeation of, 17/ 492/ 818/ 
structure and fimetion, 14, 

492-93,817 

Perieardial fluid, 14, 17/ 492/ 493 
Periearditis, 493 

Pericardium (perieardial sae), 492/ 

492-93, 494/ 

Perichondrium, 12 6/ 127 
Perilymph, 391, 392, 392/ 393/ 

396-97 

Perimenopause, 800-801 
Perimetrium (serous layer), 786/ 790 
Perimysium, 199, 200 f 
Perineal region, 13/ 

Perineum 
elinieal, 791/ 792 

muscles of, 244, 244/ 244r 
Perineurium, 309, 309/ 

Periodontal disease, 179, 650 
Periodontal ligaments, 179, 180/ 

650, 650/ 

Periosteal layer, 325, 325/ 

Periosteum 

on long bones, 131, 132/ 
in synovial joints, 181/ 

Periostitis, tibial, 261 

Peripheral ehemoreeeptors, 556-57, 

557/634 

Peripheral circulation, 523 
Peripheral (seeondary) lymphatie 

tissue, 584 


Peripheral nervous system (PNS), 

300—342. See also Autonomic 
nervous system 

eonneetive tissue in, 309, 309/ 
definition of, 268, 268/ 300 
divisions of, 268, 408 
fimetion of, 269, 269/ 
glial eells of, 272, 273/ 
nerve regeneration in, 286, 286/ 
summary and review, 337-42 
Peripheral resistanee (PR), 511, 548, 

554, 561 

Peripheral toleranee, 594 
Peristaltie eontraetions, 663, 673, 744 
Peristaltie waves, 653, 654/ 

658-61,660/ 

Peritoneal eavity 
loeation of, 17/ 648/ 818/ 
structure and fimetion, 16, 647, 817 
Peritoneal dialysis, 746 
Peritoneal fluid, 16, 17/ 

Peritoneum, 17/ 647, 648/ 

Peritonitis, 647, 672 

Peritubular eapillaries, 725, 728/ 732/ 

Permanent (seeondary) teeth, 

649, 650/ 

Permeability 

of blood-brain barrier, 329 
of eapillaries, 550 

seleetive, 49, 51, 52/ 53 1, 274, 274/ 

Pernicious anemia, 484 
Peroneal (fibular) artery, 528/ 

535/ 536 

Peroneal nerve. See Common fibular 

nerve 

Peroneal veins, 542 

Peroxisomes, 48 1, 62 

Perpendicular plate of ethmoid, 154£ 

155, 156/ 

Perspiration, 750 
Peteehiae, 476 

Petrous part of temporal bone, 

158, 159 

Petrous portion of temporal bone, 152 1 

Peyer’s patehes, 572, 663, 679 

P H 

of blood. See Blood pH 

of body fluids. See Aeid-base balanee 

ehemoreeeptors for, 516, 

556-57,557/ 

of panereatie juice, 671 
seale, 31, 32/ 
of semen, 780 

of stomaeh eontents, 658, 659/ 833 

Phagoeytosis 

in adaptive immunity, 590/ 591 

deseribed, 53 t, 56, 56/ 

in innate immunity, 582-83 
in liver, 666 
in lungs, 617-18 
Phalanges (sing., phalanx) 

offoot, 151/ 171/ 177, 178/ 
of hand, 151/ 167, 167/ 171/ 
Phantom pain, 350—51 
Pharyngeal arehes, 817, 818/ 


Pharyngeal eonstrietor nmseles, 

652, 653 

Pharyngeal phase (swallowing), 

653, 654/ 

Pharyngeal pouches, 817, 818/ 
Pharyngeal tonsils, 572, 572/ 

608/ 609 

Pharyngotympanie (auditory or 

eustachian) tube, 390/ 390-91, 
391/608/ 

Pharynx 

in digestive system, 645/ 651—52 
prenatal development of, 817, 818/ 
in respiratory system, 607, 608/ 
609-10 

Phenotype, 837—39 
Phenylketomiria (PKU), 836, 838, 

839, 8 Alt 

Pheoehromoeytoma, 449 
Phlebitis, 526 

Phosphate buffer system, 756, 757/ 
Phosphate groups (PPO, 431—33, 432/ 

433/ 699 

Phosphate ions, 25 1 
Phosphodiesterase, 431—32, 

432/ 433/ 

Phospholipids 
digestion of, 677 
fimetions of, 3 4t 

in plasma membrane, 46, 48 1, 49/ 
platelet expression of, 476 
structure of, 36, 36/ 

Phosphorus 
eharaeteristies of, 22 1 
defieieney of, 69 71 
fimetions of, 69 7t 
referenee daily intake, 69 71 

Phosphorylation, 431—33, 432/ 433/ 

701 f-702f, 702 
Photopigments, 383, 384/ 
Photoreeeptors, 345, 378, 381/ 

381-83 

Phrenie arteries, 531—32, 533/ 

Phrenie nerve 

in eervieal plexus, 313, 3l4í 
damage to, 246 
Phrenie vein, 543/ 

Phylloquinone. See Vitamin K 
Physiologie fatigue, 216 
Physiology, 2 

Pia mater, 301, 301/ 325/ 326 
PIF (prolaetin-inhibiting faetor), 834 
Pigmented layer of retina, 381/ 

381-82 

PIH (prolaetin-inhibiting hormone), 

43 7t 

Pineal body, 320/ 

Pineal gland 

fimetions of, 321, 457 f, 457—58 
hormones of, 442/, 457—58 
loeation of, 318/ 321, 426/ 457 
Pineal tumors, 457 

Pinkeye (acute contagious 

conjunctivitis), 374 
Pinoeytosis, 53 1, 56-57 
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Piriformis muscle 
aetion of, 256/, 260t 
innervation of, 25 6t 
insertion of, 25 6t 
loeation of, 255 f 
origin of, 25 6t 
Pisiform bone, 169, 171/' 

Piteh of sound, 395 

Pitoein (oxytocin), 831 

Pituitary dwarfism, 138, 439 
Pituitary giantism, 138, 439 
Pimitary gland, 435-40 
disorders of, 445 
fimetions of, 435 
hormones of, 436-41, 440/, 559, 
738,780, 781/782/, 794 
hypothalamie regulation of, 435-36, 

437/ 438/ 

loeation of, 320/ 426/ 436/ 

prenatal development of, 823 
relationship to brain, 435—36 
sella mreiea, 158 

structure of, 435, 436/ 
thyroid regulation by, 444, 444/ 
Pimitary mmors, 388, 439 
Pivotjoints, 182/, 183 
PKU (phenylketonuria), 836, 838, 

839,841* 

Plaeenta 

circulation in, 811, 813/ 

831-32, 832/ 

development of, 811—14, 812/ 

813/829 

disorders of, 814 

ex pulsion of, 829, 829/ 
fimetions of, 811 
Plaeental hormones, 458, 782/, 

814, 814/ 

Plaeenta previa, 814 
Plane(s), 13—14, 15/ 16/ 

Planejoints, 181, 182/, 183 
Plantar calcaneocuboid ligament, 191/ 
Plantar calcaneofibular ligament, 

189, 189/ 

Plantar calcaneonavicular 

ligament, 191/ 

Plantar faseiitis, 262 
Plantar flexion, 183, 184/ 

Plantaris muscle, 262, 262/ 

Plantar region, 13/ 

Plantar veins, 545/ 

Plasma 

blood typing and, 479 
eomposition of, 467, 468 1 

definition of, 92 
as extracellular fluid, 748 

fimetion of, 93/, 467 

Plasma eells 

antibody production by, 

591,591/ 

formation of, 588, 588/ 

fimetions of, 579, 579í 
Plasma loss shoek, 563 
Plasma (eell) membrane, 46-47, 47/ 

48/, 49/ 


eoneentration differenees aeross, 204, 

274/ 274-75 

definition of, 46 
fluid-mosaic model, 46, 49/ 
lipids in, 46, 48/, 49/ 

movement through, 49—58, 550 

diffiision, 49-51, 50/ 53/, 550 
mediated transport, 49/ 51—56, 

53/, 54/ 55/ 56/ 550 
osmosis, 51, 52/ 53/, 54/ 

550,748 

vesicular transport, 53/, 56/ 

56-58,57/ 550 

of muscle fiber, 199, 222 
permeability eharaeteristies of, 49, 

51, 52/53/-, 274, 274/ 

potential. See Resting membrane 
potential 

proteins in, 47, 49/ 

Plasma proteins, 34/, 467 
Plasmin, 478 
Plasminogen, 478 
Plateau phase, 500, 502/ 

Platelet(s) 
aetivated, 476 
in blood smear, 474/ 

fimetions of, 468, 469/, 475 
production of, 469, 47Of, 

474-75 

structure of, 468, 469/, 471/ 474 
Platelet adhesion, 475/ 475—76 
Platelet aggregation, 476 
Platelet count, 483 
Platelet faetor III, 476 
Platelet plugs, 475/ 475—76 
Platelet release reaetion, 476 
Platysma muscle 
aetion of, 23 4t 
innervation of, 23 4t 
insertion of, 23 4t 
loeation of, 235/ 
origin of, 234* 
surface anatomy, 236/ 

Plavix (elopidogrel bisulfate), 476 

Pleura, 612/ 614/ 616-17, 617/ 

Pleural eavity 
anatomy of, 167/ 616—17 
loeation of, 612/ 614/ 616 
prenatal development of, 817, 818/ 
serous membranes of, 16, 17/ 

Pleural fhfid, 16, 17/616-17 

Pleural pressure, 621—22 
Plexus(es) 

autonomic, 413, 414/ 

definition of, 311 

enterie, 412, 420 
spinal. See Spinal nerve plexuses 
Pluripotent stem eells, 99, 810 
Pneumocytes, 613, 615/ 
Pneumothorax, 621 
PNS. See Peripheral nervous system 
P0 2 (partial pressure of oxygen), 625, 

627,634-35 
Podoeytes, 725, 727/ 

Poiseuilles law, 548, 619 


Polar body, 787, 788f, 789f, 

809,810/ 

Polar eovalent bond, 26, 26/ 

Polarized, 204, 275 
Polar molecules, 26, 26/ 27/ 
Poliomyelitis, 212 
Polyeystie ovarian disease, 797 
Polyeythemia (seeondary 

erythroeytosis), 484 
Polyeythemia vera, 484 
Polydaetyly, 837, 837/ 

Polydipsia, 452 
Polygenie traits, 838 
Polymorphism, 485, 838 
Polypeptides, 37, 679 
Polyphagia, 452 
Polyribosomes, 67, 69/ 

Polysaeeharides 
digestion of, 660, 675, 692 

structure and fimetion, 33, 34/, 35/ 
Polyunsaturated fats, 36, 693 
Polyuria, 452 
Pons 

structure and fimetion, 317, 317/ 

318/319/ 

vasomotor eenter, 552/ 552—53 
Pontine respiratory group, 631, 631/ 
Popliteal artery, 535/ 536 
Popliteal region, 13/ 

Popliteal vein, 537/ 542, 545/ 546 

Popliteus muscle 
aetion of, 260t 
innervation of, 260t 
insertion of, 260t 
loeation of, 262/ 
origin of, 260* 

Porta hepatis, 664/ 664-66, 

665/ 667/ 

Portal systems 

definition of, 435 
hepatie, 435, 542, 543/ 

666, 667f 

hypothalamohypophyseal, 435—36, 

437/ 440/ 450/ 

Portal triad, 665/ 665—66, 667/ 
Positive, 9 

Positive-feedbaek meehanisms 
in blood pressure regulation, 10, 10/ 
definition of, 9 
in homeostasis, 9—11, 10/ 
during labor, 10, 830, 831/ 
during menstrual eyele, 794 
Positive seleetion, 584 
Postabsorptive state, 711, 712/ 

Posteentral gyms, 349, 349/ 

Postconcussion syndrome, 324 
Posterior, 11/ 12, 12 * 

Posterior auricular artery, 530/ 
Posterior eerebral artery, 530/ 

Posterior ehamber, 376/ 377/ 378 
Posterior (dorsal) column, 302, 302/ 
Posterior eompartment of leg, 260t, 

261/261-62, 262/ 

Posterior eranial fossae, 158, 159/ 
Posterior emeiate ligament, 189, 190/ 


Posterior ethmoidal foramina, 155/ 
Posterior (oeeipital) fontanel, 180/ 
Posterior (dorsal) horn, 302/ 

303,304/ 

Posterior inferior eerebellar artery, 530/ 
Posterior inferior iliae spine, 

173, 173/ 

Posterior intereostal arteries, 

531,533/ 

Posterior intereostal veins, 541, 542/ 
Posterior interventricular artery, 495/ 

498,499/ 

Posterior interventricular sulcus, 

493,495/ 

Posterior lobe (eerebellar), 319, 319/ 
Posterior meniseofemoral 

ligament, 190/ 

Posterior pituitary (neurohypophysis) 

hormones of, 436-38, 440/, 559, 

738, 782t 

hypothalamie regulation of, 

436,438/ 

prenatal development of, 823 

structure of, 435, 436/ 

Posterior superior iliae spine, 172, 

172/ 173/ 

Posterior tibial artery, 528/ 535/ 536 
Posterior tibial vein, 537/ 542, 545/ 
Posterolateral (mastoid) fontanel, 180/ 
Postganglionie neurons, 408, 408/ 

409/411/412/ 

Postsynaptie eell, 285 
Postsynaptie inhibition, 208 
Postsynaptie membrane 
loeation of, 206/ 207/ 209/ 287/ 
structure and fimetion, 207, 285 
Postsynaptie potentials, 291—93, 292/ 

293/ 304 

Posttranseriptional proeessing, 66 
Posttranslational proeessing, 67 
Posmre 

blood pressure and, 550 
maintenanee of, 198, 346, 348 

Potassium 

abnormal levels of, 754, 75 5 1 
aldosterone seeretion and, 742 
eardiae fimetion and, 516 
eharaeteristies of, 22t 

defieieney of, 284, 697 1, 754, 755í 

fimetions of, 6971 

homeostasis, 450, 753—54, 754/ 
ions, 25 1, 204 

pump. See Sodium-potassium pump 
referenee daily intake, 6971 
Potassium ehannels 
aetivation and inaetivation gates, 
279-81,280/ 

in eardiae muscle, 501, 502/ 513 
eoneentration gradients and, 274/ 

274- 75 

in hair eells, 392, 394/ 399 

membrane potential and, 

275- 77, 276/ 

in muscle aetion potential, 

204-6, 205/ 
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neurotransmitter release and, 

285-87, 287/ 

in taste eells, 371 
Potassium-sparing diuretics, 735 
Potential differenee, 275 
Potential energy, 29-31, 30/ 

Power stroke, 209, 210/ 

PQinterval, 506, 506/ 

PR (peripheral resistanee), 511, 548, 

554, 561 

Prazosin hydroehloride, 417 
Pre-B eells, 584 

Preeapillary sphineters, 525, 525/ 

552, 553 

Preeentral gyrus, 352 
Prefrontal cortex, 349/ 353 
Preganglionie neurons, 408, 

408/412/410-11 

Pregnaney 
aspirin during, 476 
breasts during, 793, 834 
eontrol of, 796, 798r, 798-800, 799/ 

development during. See Prenatal 
development 
eetopie, 800 

hormones during, 458, 782r, 796, 
814, 814/830 
labor, 829/829-31, 831/ 

passive natural immunity 

during, 599 

pelvie floor ehanges during, 244 
Rh ineompatibility during, 481/ 

481-82 

skin ehanges during, 112—13 
Preload, 512 

Premature atrial eontraetions, 50 4t 
Premature ventricular eontraetions 

(PVCs), 504r 

Premolars, 649, 649/ 650/ 

Premotor area, 349/ 352 
Prenatal development, 809—29 

early eell division, 810—11, 811/ 

faee, 817-19, 819/ 

fertilization, 809, 810/ 

fetal growth, 827-29, 828/ 

germ layers, 815, 815/ 

gut and body eavities, 817, 818/ 

implantation, 811, 811/ 

limb buds, 817 

neural tube, 815—16, 816/ 

822, 822/ 

organ systems, 820r-821í, 820—27 

plaeenta, 811-14, 812/813/ 

somites, 816/ 817 

summary and review, 842-45 
Prenatal period, 809 
Prepotential, 502 
Prepuce 

female, 791,791/828/ 

male, 773/ 779, 828/ 

Presbycusis, 401 
Presbyopia, 380, 386, 401 
Presynaptie eell, 285 
Presynaptie faeilitation, 292 
Presynaptie inhibition, 208, 292, 292/ 


Presynaptie terminals 
definition of, 270 
in skeletal muscle, 206/ 207, 

207/ 209/ 

structure and ffmetion, 285, 287/ 

Pre-T eells, 584 
Prevertebral ganglia, 409/ 410 
PRF (prolaetin-releasing faetor), 834 
PRH (prolaetin-releasing hormone), 

43 7t 

Primary amenorrhea, 797 
Primary auditory cortex, 349, 349/ 
Primary (main) bronchus, 612/ 

613, 614/ 

Primary erythroeytosis, 484 
Primary fissure, 319, 319/ 

Primary follieles, 787/ 788 
Primary hyperparathyroidism, 448 
Primary immune response, 591/ 

591-92 

Primary (eentral) lymphatie tissue, 584 
Primary motor cortex (primary motor 

area), 352, 353/ 

Primary neuron, 347, 347/ 348/ 
Primary odors, 370-71 
Primary ooeytes, 787, 787/ 788/ 

789/ 794 

Primary ossifieation eenter, 134, 135/ 
Primary palate, 817—18, 819/ 

Primary sensory areas, 349, 349/ 

Primary sex eharaeteristies 

female, 793-94 

male, 781 

Primary somatie sensory cortex 

(general sensory area), 

349, 349/ 

Primary spermatoeytes, 774£ 

776, 777/ 

Primary structure of proteins, 37, 

38/39 

Primary tastes, 371—72 
Primary (deciduous) teeth, 649, 650/ 
Primary tissues, types of, 78 
Primary visual cortex, 349, 349/ 

Prime mover, 230 
Primitive streak, 815, 815/ 

Primordial follieles, 787/ 788, 789/ 
Primordial germ eells, 826, 827/ 

PR interval, 506, 506/ 

Procedural memory, 361 
Proeems muscle 
aetion of, 234 1 
innervation of, 234r 
insertion of, 234r 
loeation of, 235/ 
origin of, 234í 
surface anatomy, 236/ 

Proeess (bone), 150, 150r 
Proeess vaginalis, 774, 775/ 

Products, of ehemieal reaetions, 27 
Proerythroblasts, 472 
Progesterone 

in eontraeeptives, 798-800 

ffmetions of, 36—37, 457, 458, 782r 

during labor, 830—31, 831/ 


during laetation, 834 
during menopause, 800—801 

during menstmal eyele, 794-96, 795/ 
during pregnaney, 814, 814/ 
at puberty, 793 
seeretion, 442r, 457 
Programmed eell death, 97-98 
Progressive lenses, 386 
Projeetion, 351 
Projeetion fibers, 322, 323/ 

Prolaetin, 440/, 782/, 834, 835/ 
Prolaetin-inhibiting faetor (PIF), 834 
Prolaetin-inhibiting hormone 

(PIH), 43 7t 

Prolaetin-releasing faetor (PRF), 834 
Prolaetin-releasing hormone 

(PRH), Aò7t 

Prolapsed uterus, 790, 801 
Proliferative phase, 794, 795/ 796í 
Pronation, 168, 184, 185/ 

Pronator quadratus muscle 
aetion of, 251, 251 1 
innervation of, 251 1 
insertion of, 251 1 
loeation of, 254/ 
origin of, 25 \t 
Pronator teres muscle 
aetion of, 251, 251 1 
innervation of, 251 1 
insertion of, 251 1 
loeation of, 252/ 254/ 
origin of, 251 1 
Prone, 11 

Pronephros, 825, 826/ 
Proopiomelanoeortin, 451 
Propagation 

deseribed, 206, 282-85, 294, 294/ 
in myelinated axons, 284/ 284-85 
in unmyelinated axons, 283, 283/ 

Prophase, 70, 71/ 771, 772/ 787 

Propionibacterium aenes, 115 
Propranolol, 417 
Proprioeeption, 346, 348 
Proproteins, 67 

Proseneephalon (forebrain), 822, 822/ 
Prostaeyelins, 458 
Prostaglandin(s) 
as ehemieal messengers, 458 
fiinetions of, 581 1 
in inflammatory response, 96 

in semen, 780, 797 
stmemre and ffmetion, 34/, 36 
Prostate disorders, 779, 801 
Prostate gland 

loeation of, 770/ 773/ 778/ 

prenatal development of, 826, 827/ 
stmemre and ffmetion, 779-80 
Prostate-speeifie antigen (PSA), 

779, 780 

Prostatie urethra, 777—79, 778/ 
Protease, 597 

Protease inhibitors, 597, 636 
Proteases, 636 
Proteasomes, 48/, 62 
Proteetion. See also Immunity 


by blood, 467 
by fat, 34 

by lymphatie system, 571 
by respiratory system, 607 
by skeletal system, 126 

byskin, 107, 117 
by water, 33 
Protein(s) 

as building bloeks, 37, 37/ 

eomplete, 694 
definition of, 37, 679, 694 
dietary guidelines, 694 
dietary sources of, 694 
digestion of, 660, 676/, 679, 

679/ 699 

enzymes, 31, 39 

hormones eomposed of, 426, 427 

ineomplete, 694 

intracellular, membrane-bound 

reeeptors that phosphorylate, 

432-33, 433/ 

metabolie states, 711, 711/-712/ 
metabolism of, 708, 709/ 710/ 

plasma, 34/, 467 

primary stmemre, 37, 38/ 39 

quaternary structure, 38/ 39 
seeondary stmemre, 38/39 
sources of, 691 1 

stmemre and ffmetion, 34/, 37-39 

synthesis of, 66-68, 67/ 68/ 69/ 
dehydration reaetions, 27, 28/ 
transeription, 66, 68/ 
translation, 66-67, 69/ 
tertiary stmemre, 38/ 39 
uses in body, 694 
Protein buffer system, 756, 757/ 
Protein kinases, 431, 432/ 
Proteoglyeans, 87-88, 376 
Prothrombin, 477 
Prothrombinase, 477 
Prothrombin time, 483 
Proton, 23, 23/ 

Proton pump, 657, 657/ 

Proton pump inhibitors, 658 
Protraetion, 185 
Provitamin, 695 
Proximal, 11/ 12, 12 1 
Proximal convoluted tubule 

loeation of, 725, 726/ 727/ 728/ 

reabsorption in, 732/ 732—33 
Proximal phalanx 
of finger, 171/ 
of thumb, 171/ 
of toe, 178/ 

Proximal radioulnaar joint, 187 
PSA (prostate-speeifie antigen), 

779, 780 

Pseudostratified columnar epithelium, 

81/, 82 

Psoas major muscle 
aetion of, 256, 256í 
innervation of, 25 St 
insertion of, 25 St 
loeation of, 257/ 
origin of, 2%t 
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Psoas minor muscle, 257/ 

Psoriasis, 110 
Psyehologie fatigue, 215 
Pterygoid eanal, 158* 

Pterygoid hamulus, 152* 

Pterygoid muscles 
aetion of, 236, 237* 
innervation of, 237* 
insertion of, 'l'òlt 
loeation of, 237/ 
origin of, 23 7t 
Pterygoid plates 

lateral, 152í, 157/ 158,237/ 
medial, 152í, 156/ 157/ 158 

PTH. See Parathyroid hormone 

Ptosis, 236 

Puberty 

defmition of, 781 

female, 793—94 
males, 776, 781,783, 793 
pineal gland and, 457 

Pubic region, 13/ 

Pubic symphysis, 172, 172/ 

Pubic tubercle, 173/ 

Pubis, 172, 172/ 173/ 

Pudendal eleft, 791, 791/ 

Pull, 231, 231/ 

Pulled groin, 259 
Pulled hamstring, 259 
Pulmonary arteries 
in eoronary circulation, 494/ 495, 

495/ 496/ 497, 498/ 

in pulmonary circulation, 527 

Pulmonary eapaeities, 622—23, 623 f 
Pulmonary eapillaries, 614/ 

615,615/ 

Pulmonary circulation, 491, 491/ 

527,617 

Pulmonary disease, 622, 636. See also 

speeifie disorders 
Pulmonary hbrosis, 636 
Pulmonary semilunar valve 

hinetion of, 506-9, 507/ 508/ 

heart sounds caused by, 510/ 

510-11 

loeation and structure, 496, 

496/ 497/ 

Pulmonary trunk 
in eoronary circulation, 494/ 495, 

496/ 498/ 

loeation of, 528/ 
in pulmonary circulation, 527 
Pulmonary veins 

in eoronary circulation, 494/ 495, 

495/ 496/ 497, 498/ 

loeation of, 537/ 614/ 

in pulmonary circulation, 527, 614/ 
Pulmonary vessels, 523 
Pulmonary volumes, 622-23, 623 f 

Pulp, 649, 650/ 

Pulp eavity, 649, 650/ 

Pulse, 549 

Pulse points, 549, 550/ 

Pulse pressure, 549 
Punnett square, 837 


Pupil 

dilation and eonstrietion of, 376—77, 

377/380, 418 
loeation of, 373/ 376, 376/ 

Pupillary reflex, 337 
Pupil reflexes, 382-83 
Purines, 29 \t 
Purkinje fibers, 503/ 505 
Pus, 100, 474, 579 

PVCs (premature ventricular 

eontraetions), 50 4t 

P wave, 505, 506/ 

Pylorie orifiee, 655, 656/ 

Pylorie part (stomaeh), 655, 656/ 
Pylorie sphineter, 655, 656/ 660 

Pyramidal decussation, 317, 318/ 

354, 355/ 

Pyramids, 317, 318/ 

Pyridoxine. See Vitamin Bg 

Pyrogens, 581/, 582-83, 717 
Pyrnvie aeid, 217, 701-2, 70ìf-702f 

Q 

QRS complex, 505, 506/ 509 
QT interval, 506, 506/ 

Quadrants, abdominal, 13, 14/ 
Quadrate lobe, 664, 664/ 

Quadratus femoris muscle 
aetion of, 256/, 260 1 
innervation of, 25 St 
insertion of, 25 St 
loeation of, 255 f 
origin of, 256í 

Quadratus lumborum muscle 
aetion of, 242 1 
innervation of, 2A2t 
insertion of, 2A2t 
loeation of, 242/ 
origin of, 2A2t 
Quadriceps femoris muscle 
aetion of, 258, 258 1 
innervation of, 258 1 
insertion of, 258/, 258-59 
at knee, 190/ 

loeation of, 257/ 258—59 

origin of, 258 1 
tendon of, 190/ 
at tibial mberosity, 176 
Quaternary stmemre of proteins, 39 

R 

RA (rheumatoid arthritis), 191 
Raee, bone mass and, 143 
Radial artery, 528/ 531, 532/ 

Radial fossa, 169/ 

Radial groove, 169/ 

Radial keratotomy, 386 
Radial nerve 

in braehial plexus, 312, 312/ 313, 31 At 
cutaneous distribution, 314/, 315/ 
injury to, 316 
muscles innervated by, 312, 

313/314* 


Radial noteh, 168, 170/ 

Radial mberosity, 168, 170/ 

Radial veins, 540, 540/ 

Radiant (eleetromagnetie) energy, 29 

Radiation, 713, 713/ 

Radioaetive isotopes, 24 
Radioearpal joint, 182* 

Radioulnar joints, 182/, 183, 187 
Radioulnar syndesmoses, 179, 

179/, 180/ 

Radius 

fractures of, 169 
loeation of, 151/ 
movement of, 168 
radioulnar syndesmosis, 180/ 
stmemre of, 167/ 168, 170/ 
Raloxifene (Evista), 141 
Raltegravir, 597 
Ramus (pk, rami) 
definition of, 150* 
isehial, 173/ 

ofmandible, 153/ 154 
pubic, 173/ 

of spinal nerves, 311, 311/ 

Random assortment, 771 
Ranitidine (Zantae), 658 
Rapid eye movement (REM) sleep, 

360, 361/ 

Rash, as diagnostie aid, 119 
Rate of ehemieal reaetions, 31 
RBCs. See Red blood eells 
RDAs (Reeommended Dietary 

Allowances), 695, 696/, 697í 
RDIs (Referenee Daily Intakes), 696/, 

69 7t, 698 

Reaetants, in ehemieal reaetions, 27 
Reaetive astroeytosis, 272 
Reeeptive (Wernicke’s) aphasia, 358 
Reeeptor(s). See also speeifie reeeptors 
autonomic nervous system, 413-18, 

415/416* 

hormone. See Hormone reeeptors 
in negative-feedbaek meehanism, 8 

Reeeptor editing, 584 
Reeeptor-mediated endoeytosis, 53/, 

57, 57/ 

Reeeptor proteins, 47 
Reeeptor sites, 47, 274, 429, 429/ 
Reeessive genes, 837, 838/ 841* 
Reeipient, blood, 480 
Reelast (zoledronie aeid), 141 
Reeommended Dietary Allowances 

(RDAs), 695, 696*, 697* 

Reeovery stroke, 210, 210/ 
Reemitment, 212—13 
Reetal veins, 673 

Rectum 

loeation of, 645/ 648/ 

773/ 786/ 

prenatal development of, 

825, 826/ 

stmemre and fimetion, 672/ 673 
Rectus abdominis muscle 

aetion of, 241, 243* 
innervation of, 243* 


insertion of, 243* 
loeation of, 243/ 
origin of, 243* 

Reems femoris muscle 
aetion of, 258, 260* 
insertion of, 258—59 
loeation of, 257/ 258 

Reems muscles, 374, 374*, 375/ 

Reems sheath, 241 
Red blood eells (RBCs) 
blood grouping and, A79f, 

479-80, 480/ 

in blood smear, 474/ 
disorders of, 484-85 
fimetions of, 467-68, 469*, 472 
life history of, 472-73, 473/ 574 
number of, 467—69 
production of, 469, 470/ 471, 472, 
472/ 722 

stmemre of, 469*, 471, 471/ 

Red blood count (RBC), 483 

Red bone marrow 
in long bones, 131, 132 f 
lymphoeyte production in, 576, 

584, 584/ 

reticular tissue, 88 
reticular tissue in, 89* 
samples from sternmn, 166 

Red eones, 383 

Red-green eolor blindness, 387, 

387/841* 

Red nuclei, 317, 355 
Red pulp, 574, 575/ 

Reduction, 700 

Reduction division, 771, 836 

Referenee Daily Intakes (RDIs), 696*, 

697*, 698 

Referred pain, 350, 351/ 516 
Refleetion, 379 

Reflex(s). See also speeifie reflexes 
aging and, 363 

autonomic, 304, 418—19, 419/ 
in balanee, 401 
brainstem, 336-37, 419 

eonditioned, 361 
definition of, 304 
in male sexual aet, 783-84 
somatie, 304 
spinal, 304-6, 305/419 
Reflex are, 304, 305/ 

Refraetion, 379 

Refraetory period, 281, 281/ 502—3 
Region(s). See also speeifie regions 

abdominal, 13, 14/ 
body, 13, 13/ 14/ 

Regional anatomy, 2 
Regular eonneetive tissue, 88, 88*, 90* 
RegulatoryT eells, 594 
Relative erythroeytosis, 484 
Relative refraetory period, 281, 502 
Releasing hormones, 435 
Remodeling, bone. See Bone 

remodeling 

REM (rapid eye movement) sleep, 

360, 361/ 
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lndex 


Renal arteries 

loeation of, 528 fi 533 fi 723fi 
724/ 728/ 

structure and fnnetion, 532, 725 

Renal capsule, 722, 723/ 724/ 

Renal eohimns, 723, 724/ 728/ 

Renal corpuscle, 725, 726/ 727/ 
Renal failure, 746-47 
Renal faseia, 722, 723/ 

Renal papillae, 723, 724/ 726/ 

Renal pelvis, 724/ 725 
Renal pyramids, 723, 724/ 

726/ 728/ 

Renal sinus, 723, 724/ 

Renal veins, 542 fi, 543 fi, 723fi 

724/ 728/ 

Renin 

functions of, 557, 558/ 561, 

740, 752/ 
seeretion of, 742 
Renin-angiotensin-aldosterone 

meehanism 

during circulatory shoek, 561 

deseribed, 557-59, 558/ 560/ 
in renal function, 740—42, 
741/752/ 

Repolarization, 206 
Repolarization phase 
in eardiae muscle, 500, 502/ 

503, 510 

resting membrane potential and, 

279, 279/280/281 

Reposition movement, 186 
Reproduction 
cellular function in, 46 
definition of, 7, 770 
Reproductive system, 769-807. See 

also Female reproductive 
system; Male reproductive 
system 

aging and, 800-801 
anatomy of, 6/ 770/ 
endoerine regulation of, 426 
fiinetions of, 6/ 770—71 
interaetions with other systems, 802 
pineal gland and, 457-58 
prenatal development of, 820í-821/, 

826-27, 827/ 828/ 

summary and review, 803—7 
Residual volume, 622, 638 
Resistanee (blood flow), 511, 548, 

554, 561 
Resolution, 783 
Resorption, 128—29 

Respiration 

aerobie, 216/ 216-17, 703-7, 704/ 

ehemoreeeptor reflex in, 557 
definition of, 607 
muscles involved in, 198, 245-46, 
618, 618/ 

Respiratory aeidosis, 760-61 
Respiratory alkalosis, 760—61 
Respiratory bronehioles, 613, 

614/615 

Respiratory membrane 


diffiision of gases through, 624—25 
stmemre and fimetion, 615/ 615—16 
surface area of, 625 
thiekness of, 625 
Respiratory rate (frequency), 623 
Respiratory system, 606-43. See also 

Lung(s); Ventilation 
aeid-base balanee regulated by, 

756-58, 757/ 758/ 

adaptations to exercise, 628, 628/ 

635, 636-38 

aging and, 638 

anatomy and histology of, 607/ 
607-18 

anatomy of, 5/ 

disorders of, 622, 636. See also speeifiìe 
disorders 

fetal, 831-32, 832/ 
fimetions of, 5/ 607 
interaetions with other systems, 637 

in newborn, 832—33, 833/ 

prenatal development of, 

820r-821/, 825 
summary and review, 638-43 
Responsiveness, 7 
Resting membrane potential 

ehanging, 204-7, 276-77, 277/ 

definition of, 275 
establishing, 275—76, 27St 

graded (loeal), 277-79, 278/, 

278/ 292 

measurement of, 275, 275/ 
in skeletal muscle, 204, 205/ 275 
Resting stage, in hair, 113, 114 
Resting tremor, 359 
Rete testis, 774, 774/ 

Reticular aetivating system, 318 
Reticular eells, 88, 572 
Reticular fibers, 87, 572, 575 
Reticular formation, 317—18 
Reticular layer of dermis, 109/ 

109/, 112 

Reticular tissue, 88, 88/, 89/ 
Reticulocytes, 472 

Reticulospinal traet, 353fi 353/, 354£ 

355,356/ 

Retina 

distribution of rods and 
eones in, 384 

fimetion of, 378-80, 382/ 

382-83,383/ 

inner layers of, 384 

loeation of, 375, 376/ 377/ 378 

stmemre of, 378, 378£ 38 ìfi 
381-82 

Retinaculum, 255 
Retinal, 382, 382/ 383/ 

Retinal detaehment, 386-87 
Retinal pigment epithelium (RPE), 

381/381-82 

Retinitis pigmentosa (RP), 387/ 388 
Retinol. See Vitamin A 
Retinopathy, diabetie, 387/ 388, 

401, 418 

Retraetion movement, 185 


Retromandibular vein, 538/ 
Retroperitoneal organs, 1 7fi 18, 647, 

648/ 722 

Reversed peristalsis, 661 
Reverse transeriptase, 597 
Reverse transeriptase inhibitor, 597 
Reversible reaetions, 29 
Rh blood group, 480-82 
Rheumatic fever, 514 

Rheumatoid arthritis (RA), 191 
Rheumatoid faetor, 191 
Rhodopsin, 382, 382/ 383/ 

RhoGAM (Rh 0 (D) immune 

globulin), 482 

Rhombeneephalon (hindbrain), 

822, 822/ 

Rhomboideus muscles 
aetion of, 246, 246/ 

innervation of, 246/ 
insertion of, 246/ 
loeation of, 247/ 249 f 
origin of, 246/ 

Rhythmie ventilation, generation 

of, 632 

Rhythm method (birth eontrol), 

798, 798/ 

Rib(s) 

false, 165, 166/ 
floating, 165, 166/ 
loeation of, 151/ 

muscles moving, 245/, 245/ 245-46 

stermim, 166 

tme, 165, 166/ 

vertebral articular faeets, 163, 

164/, 164/ 

Rib eage, 165, 166/ 

Riboflavin. See Vitamin 
Ribonucleic aeid (RNA) 
definition of, 40 
fimetion of, 34/, 40 

messenger. See Messenger 
ribonucleic aeid 
ribosomal. See Ribosomal 
ribonucleic aeid 

transfer. See Transfer ribonucleic aeid 
Ribonucleic aeid (RNA) polymerase, 66 
Ribosomal ribonucleic aeid (rRNA) 
production of, 48/, 60, 61/ 
synthesis (transeription), 67 

Ribosomes, 48/, 60, 61/ 

Riekets, 138 

Right (direetional term), 12, 12/ 

Right atrium 

fimetion of, 506-11, 507/ 508/ 
loeation and structure, 494/ 

495/ 496/ 

Right bundle braneh, 503/ 505 

Right eolie flexure (hepatie flexure), 672/ 
Right heart failure, 512 
Right lymphatie duct, 570/ 571 
Right ventriele 

fimetion of, 506-11, 507/ 508/ 
loeation and stmemre, 494/ 495, 
495/ 496/ 

Rigor mortis, 216 


Risorius muscle 
aetion of, 234/, 236 

innervation of, 234/ 
insertion of, 234/ 
loeation of, 235/ 
origin of, 234/ 
surface anatomy, 236/ 

RNA. See Ribonucleic aeid 
Rods, 381/381-84, 382/ 

Root(s) 

of hair, 113, 114/ 

ofpenis, 778/779 
of teeth, 649, 650/ 

Root eanal, 649, 650 

Rootlets (spinal nerves), 302/ 303, 

311,311/ 

Rotation, 184, 185/ 

Rotator cuff 
bones of, 186 
injury to, 250 

muscles of, 247/ 248/, 249, 

249/ 250/ 

Rough endoplasmie reticulum, 48/, 

60, 61/ 

Round ligament, 786/ 790, 833, 833/ 

Round window, 390, 390/ 392/ 

393/ 397 

RP (retinitis pigmentosa), 387/ 388 
RPE (retinal pigment epithelium), 

381/381-82 

RRNA. See Ribosomal ribonucleic aeid 
RLJ486 (mifepristone), 799 
Rubrospinal traet, 353 fi 353/, 354£ 

355, 356/ 

Ruffini end organs, 345, 345/ 

Rugae, 655, 656/ 

“Rule of nines,” 116, 116/ 

Ruptured intervertebral disks, 162 

S 

Saccule, 398, 398/ 

Saeral bone, 160, 160/ 

Saeral eanal, 163, 165/ 

Saeral curves, 160, 160/ 

Saeral foramina, 165/ 

Saeral hiams, 163, 165/ 

Saeral nerves 
dermatomal map, 310/ 
identifieation system, 309, 309/ 
Saeral plexus 

cutaneous distribution, 315/ 

loeation of, 309/ 315 
nerves arising from, 314/, 315 
Saeral promontory, 163, 165/ 

172/ 174/ 

Saeral region, 13/ 

Saeral vertebrae, 163, 165 f 
Saeroiliae joint, 172, 172/ 182/ 
Saemm 

loeation of, 151/ 

male versus female, 174/ 

stmemre and fimetion, 163, 165/ 

171, 171/ 172/ 

Saddle joints, 182/, 183 
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Sagittal plane, 13, 13/ 

Sagittal suture, 132, 152/ 153/ 179í 
Saliva, 651, 652í 
Salivary amylase, 651, 652/, 675 
Salivary glands, 645/ 651, 651/ 

Salt(s) 

bile. See Bile salts 
definition of, 32 

Saltatory conduction, 284/ 284-85 

Salty taste, 371—72 

SA (sinoatrial) node, 502, 503, 503/ 

510,513 

SA (sinoatrial) node bloek, 504/, 505 
Saphenous veins, 537/ 542-43, 

545/ 546 

Sareolemma 
in eardiae muscle, 500/ 
excitation-contraction coupling, 

208/ 208-9 

neuromuscular junction, 206/ 
in smooth muscle, 221, 221/ 
structure and fimetion, 199, 

201/209/ 

Sareoma, 101 
Sareomeres 

in eardiae muscle, 499, 500/ 
fimetion of, 202-4, 203/ 209/^210/ 

structure of, 200, 201/ 202/ 
Sareoplasm, 199, 206/ 

Sareoplasmie reticulum 
loeation of, 201£ 206£ 208£ 

209/ 500/ 

structure and fimetion, 499 
Sartorius muscle 
aetion of, 258/, 259, 260 1 
innervation of, 258 1 
insertion of, 258 1 

loeation of, 257/ 258, 259 

origin of, 258 t 

Satellite eells, 99, 272 
Satiety eenter, 454 
Samrated fats and oils, 693 
Saturated fatty aeids, 34, 36, 36/ 
Saturation, 52 

Savory (umami) taste, 371—72 
Seab, in skin repair, 100, 100/ 

Seala tympani, 391, 393/ 

Seala vestibuli, 391, 393/ 397 

Sealene muscles 

aetion of, 240/, 245 1 
innervation of, 240/, 245 1 
insertion of, 240/, 245 1 
loeation of, 235/ 242/ 245/ 
origin of, 240/, 245 1 

ventilatory fimetion of, 618, 618/ 
Seanning eleetron mieroseope 

(SEM), 46 

Seaphoid bone, 169, 171/ 

Scapula 

muscles moving, 246, 246/, 247/ 

in peetoral girdle, 151/ 167, 

167/ 168/ 

at shoulder joint, 187/ 
surface view of, 162/ 

Scapular noteh, 168/ 


Scapular region, 13/ 

Scapular spine, 167, 168/ 

Schwann eells 

loeation of, 270/ 286/ 309/ 
structure and fimetion, 272, 

286,309 

Seiatiea, 316 
Seiatie nerve 
injury to, 316 
loeation of, 172 
in lumbosacral plexus, 315 
SCID (severe eombined 

immunodeficiency), 

596, 84lf 

Selera, 373/ 375, 376/ 377/ 

Seleral venous sinus (eanal of 

Sehlemm), 377/ 378 
Seoliosis, 160 
Scrotum 

prenatal development of, 826—27, 
827/ 828/ 

structure and fimetion, 773, 

773/ 778/ 

Sebaceous glands, 108£ 114, 

114/115/ 

Sebum, 114, 373, 581* 

Seeondary aetive transport, 53/, 

55-56, 56/ 

Seeondary amenorrhea, 797 
Seeondary (lobar) bronchus, 612/ 

613, 614/ 

Seeondary erythroeytosis 

(polyeythemia), 484 
Seeondary follieles, 787/ 788, 789/ 
Seeondary hyperparathyroidism, 448 
Seeondary immune response, 

591/ 592 

Seeondary (peripheral) lymphatie 

tissue, 584 

Seeondary neurons, 347, 

347/ 348/ 

Seeondary ooeytes, 787, 788/ 

789/ 794 

Seeondary ossifieation eenter, 

134, 135/ 

Seeondary palate, 819 
Seeondary sex eharaeteristies 

female, 794 

male, 781 

Seeondary spermatoeytes, 774£ 

776, 777/ 

Seeondary structure of proteins, 

38/39 

Seeondary (permanent) teeth, 

649, 650/ 

Seeond-degree burns, 116, 117/ 
Seeond heart sound, 510/ 510—11 
Seeond messengers, 431 
Seeretin 

bile seeretion stimulated by, 

669, 669/ 

fimetions of, 458, 652/, 658 

panereas stimulated by, 671, 671/ 

seeretion of, 458, 652/, 658, 659/ 
Seeretory phase, 794-95, 795/ 796r 


Seeretory vesieles 
structure and fimetion, 48/, 62, 

62/ 63/ 

transport meehanism, 53/, 57/ 

57-58 

Segmental (tertiary) bronchus, 

612/613, 614/ 

Segmental eontraetions, 663, 663/ 

Segments of liver, 665 

Seleetive estrogen reeeptor modulators 

(SERMs), 141 

Seleetive permeability, 49, 51, 52/ 53/, 

274, 274/ 

Seleetive serotonin reuptake inhibitors 

(SSRIs), 288Z--289 1 

Selenium 

defieieney of, 697í 
fimetions of, 69 7t 
referenee daily intake, 697í 

Self-antigens, 578, 585/ 585-86, 594 
Sella rnreiea, 152/, 158, 159/ 436/ 

SEM (seanning eleetron mieroseope), 46 
Semen, 780, 797 

Semicircular eanals 

fimetion of, 400, 400/ 
loeation of, 390/ 391, 392/ 393/ 
structure of, 399-400, 400/ 
Semilunar noteh of ulna, 168, 170/ 
Semilunar valves 
disorders of, 511, 514—16 
fimetion of, 506-9, 507/ 508/ 

heart sounds caused by, 510/ 

510-11 

loeation and structure, 496, 

496/ 497/ 

Semimembranosus muscle 
aetion of, 258/, 259, 260 1 
injury to, 259 
innervation of, 258* 
insertion of, 258 1 
loeation of, 259/ 
origin of, 258 1 
Seminal vesieles 

loeation of, 770/ 773/ 776, 778/ 

prenatal development of, 826, 827/ 
structure and fimetion, 779-80 
Seminiferous tubules, 773—74, 

774/ 777/ 

Semispinalis eapitis muscle 
aetion of, 240í 
innervation of, 240í 
insertion of, 240r 
loeation of, 240/ 242/ 
origin of, 240* 

Semitendinosus muscle 
aetion of, 258/, 259, 260 1 
injury to, 259 
innervation of, 258* 
insertion of, 25 8 * 
loeation of, 259/ 
origin of, 25 8 * 

Sensation, 344-52. See also speeifie 

sensations 
aging and, 362 

cutaneous, 107, 118, 350—51 


definition of, 344 
steps required for, 345 
Sense(s) 

elassifieation of, 344, 344/ 
definition of, 344 
general, 344 
somatie, 344 

speeial, 344, 369-406. See also 

speeifie senses 

viseeral, 344 

Sensible perspiration, 750 
Sensorineural hearing loss, 402 
Sensory areas of eerebral cortex, 349£ 

349-51 

Sensory (afferent) division, 

268-69, 329 

Sensory input, as nervous system 

fimetion, 268 
Sensory (afferent) neurons 
eompared to motor and autonomic, 

303-4, 304/ 408 

definition of, 270 

enterie, 412 

in sensory traets, 347/ 

347-48, 348/ 

Sensory proeessing, 352 
Sensory reeeptors 
aging and, 362 

deseribed, 268, 345/ 345-46 
in reflexes, 304, 305/ 

Sensory relay eenter, 320 
Sensory speeeh area (Wernicke area), 

349/ 358, 360/ 

Sensory traets, 346/ 346/, 346-48 
Sentinel lymph nodes, 574 
Separated rib, 165 
Septa, of testes, 773, 774/ 

Septal eartilage, 155, 156/ 

Septal defeet, 497 
Septieemia, 573 
Septie shoek, 563 
Septum pellucidum, 326 
Septum primum, 823, 824/ 

Septum secundum, 823, 824/ 
SERMS (seleetive estrogen reeeptor 

modulators), 141 

Serosa 

of digestive system, 646, 646/ 

656/ 662/ 

of uterine tube, 786/ 790 
Serotonin 

autonomic seeretion of, 413 
disorders involving, 288/-289í 
structure and fimetion, 288r 

Serous fluid, 14, 96, 651 

Serous layer (perimetrium), 

786/ 790 

Serous membranes 
deseribed, 14, 16—18 

inflammation of, 16 

loeation of, 14, 16, 17/ 647 
parietal, 14, 17/ 647 
structure and fimetion, 96, 97/ 647 
viseeral, 14, 647 

Serous pericardium, 492/ 492-93 
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Serratus anterior muscle 

aetion of, 246 

loeation of, 243 f, 2A7f, 248/ 252/ 

Sertoli eells (sustentacular eells), 774f 

776, 777/780, 781/ 

Sernm, 467, 478, 482 
Sesamoid bones, 171 
Set point, 7, 7/ 

Severe eombined immunodeficiency 

(SCID), 396, 841* 

Sex eells (gametes). See also Ooeytes; 

Sperm eells 

ehromosomes in, 771, 787, 809, 

835-36 

structure and fimetion, 68, 

771, 835 

Sex eharaeteristies 

female, 793-94 

male, 781 

Sex ehromosomes, 68, 771, 

835-36, 836/ 

Sex hormones. See also speeifie hormones 
and bone growth, 138 

female, 442/, 457, 771, 782/, 

793-97, 800-801 

male, 442r, 456, 770, 773, 774, 780, 
781/ 782/- 

Sex-linked traits, 839, 839/ 841 * 

Sexual behavior 
female, 797, 801, 80 \t 

male, 783-84, 801 
Shaft of hair, 113, 114/ 

Shin splints, 261 
Shivering, 218, 716 
Shoek 

anaphylaetie, 563 
eardiogenie, 563 

circulatory, 418, 561, 563 

hemorrhagie, 561, 563 
hypovolemie, 563 

insulin, 453 

interstitial fluid loss, 563 
neurogenic, 563 
plasma loss, 563 

septie, 563 
spinal, 356-57 
Short bones, 131 

Short-term memory, 360, 361/ 363 
Shoulder (shoulder joint) 
arteries of, 531, 532/ 
as ball-and-soeket joint, 182/, 183 
disorders of, 187, 250 
innervation of, 310, 310/ 
movement of, 185, 250* 

muscles moving, 246, 246/, 247/ 
250/, 250/ 

structure and fimetion, 186, 187/ 

veins of, 539-41, 540/ 541/ 

Shoulder girdle, 167. See also Peetoral 

girdle 

Shoulder pain, 250 

Shunted blood, 625 

Siekle-eell disease, 484-85, 485/ 

838,841* 

Siekle-eell trait, 838 


Side ehains, of amino aeids, 37, 37/ 
Sight. See Eye(s); Visual system 
Sigmoid eolon, 672/ 673 
Sigmoid sinus, 538/ 

Signal amplifieation, 434, 434/ 
Sildenafil (Viagra), 784 
Simple columnar epithelium, 

81/, 82 

Simple cuboidal epithelium, 80/, 82 
Simple epithelium 
definition of, 79 
fimetions of, 82, 85 
types of, 79, 80/, 81/, 82 

Simple fraemres, 139 
Simple glands, 86, 86/ 

Simple squamous epithelium, 79, 

80/, 82 

Single eovalent bond, 26 
Single-unit (unitary) smooth 

muscle, 221 

Sinoatrial (SA) node, 502, 503, 503/ 

510, 513 

Sinoatrial (SA) node bloek, 504/, 505 
Sinus(es). See also speeifie sinuses 
in bones, 131, 150í 

paranasal, 156, 156/ 157/ 608/ 609 

venous 

of brain, 538/ 539 
of spleen, 574, 575/ 

Sinus arrhythmia, 50 4t 
Sinusitis, 609 
Sinusoids (penile), 784 
Sinus venosus, 823, 824/ 

SITS (mnemonie), 249 

Skeletal muscle. See also Muscular 

system; speeifie miiseles 
aetion potentials in, 204-7, 205 f 
209/^210/212, 502/ 
aging and, 220, 362 
androgens and, 783 
attaehment points, 230, 230/ 
blood supply, 200/ 201/ 561 
eonneetive tissue eovering, 199, 200/ 
eontrol of, 352—58 

fimetions of, 93, 94/, 198, 199/, 230 

innervation of, 200/ 204-8, 212, 
268,310,312 

length versiis tension, 214, 215/ 
movements aeeomplished by, 

231,231/ 

physiology of, 211—18 

relaxation, 211—12 

restine membrane potential in, 204, 

»5/275 

streteh reflex, 306/ 306-7 

structure of, 93, 94/, 199/, 199-200, 

200 /^ 202 / 

summary and review, 263—66 
tissue repair, 99 

tone, 214 

twitch, 211, 211*, 211/ 

Skeletal muscle eontraetion 
aetion potentials in, 205/ 205—6, 

209/2210/ 

drugs affeeting, 208 


energy for, 216/ 216-17 
excitation-contraction coupling in, 

208-9 

heat production by, 198, 218 
ion ehannels in, 204, 204/ 

neuromuscular junction in, 206/ 
206-8, 207/ 
sliding filament model of, 

202-4, 203/ 

speed of, 218 
strength of, 212—14 
types of, 214 

Skeletal muscle fibers (eells) 
fimetions of, 219 
in motor unit, 212, 212/ 
physiology of, 204—11 
structure of, 199—200, 201/7202/ 
types of, 217—19, 218 1 
Skeletal muscle pump, 554, 561 
Skeletal system, 149-96. See also 

Bone(s); Joint(s); speeifie hones 
orjoints 

aging and, 143, 145 

anatomy of, 5/ 
fimetions of, 5/126 
interaetions with other systems, 144 
prenatal development of, 

820/-821/, 821 
summary and review, 145-48 
Skeleton 

appendicular, 151/ 167—77 

axial, 150-67, 151/ 

definition of, 126 

Skin, 107-13 

body temperature regulation by, 

716, 716/ 

eapillary beds in, 525 
eleavage lines, 112/ 112—13 
eolor of, 111/111-12, 119 
cutaneous sensation, 107, 118, 

350-51 

during exercise, 561 
innervation of, 310, 310/ 

312,315/ 

during menopause, 801 í 

ofpenis, 778/779 

prenatal development of, 820, 

820/--82D 

repair of, 98/ 100/ 100-101 
sensory nerve endings in, 

345, 345/ 

structure and fimetion, 107—10, 
108-10/ 109/, 112 
subcutaneous tissue, 107, 

108/ 109* 

thiek, 110-11 
thin, 111 

Skin eaneer, 119—20, 120/ 

Skin grafts, 117 
Skull 

anterior view, 154/ 154—56, 155/ 
156/ 157/ 

bone groups of, 150—52 

eranial eavity interior, 158—59, 159/ 

foramina, fissures and eanals, 158í 


inferiorview, 156—58, 157/ 

lateral view, 153/ 153—54, 154/ 

loeation of, 150, 151/ 

posterior view, 152—53, 153/ 

superior view, 152, 152/ 

Sleep, brain waves during, 

360, 361/ 

Sleep-wake eyele, regulation of, 318, 

321,458 

Sliding filament model, 202-4, 203/ 

Slow Fluoride, 141 

Slow-twitch oxidative (SO) fibers, 

218/, 218-19 
Small arteries, 525 
Small eardiae vein, 494/ 495/ 

499/ 537/ 

Small intestine 

anatomy and histology of, 661/ 

661—63, 662/ 

digestion in, 676/, 679 
disorders of, 680—81 
laeteals in, 570, 570/ 661, 

662/ 678 

loeation of, 4/ 645/ 648/ 

movement of, 663, 663/ 
seeretions of, 652/, 663 
Small saphenous vein, 537/ 

545/ 546 

Small veins, 526, 536 

Smell, sense of (olfaetion), 370—71, 

401, 607 

Smooth endoplasmie reticulum, 48/, 

60, 61/ 

Smooth muscle 

in blood vessels, 524/ 525, 552 

eontraetion and relaxation, 221—22 

in digestive traet, 412, 645, 646/ 
655, 656/658, 662/ 
in eye, 376, 377/ 

fimetions of, 95, 95/, 198, 199/, 222 
innervation of, 329, 413, 414/ 
in penis, 784, 784/ 
structure of, 95, 95/, 199/, 221/ 
221-22 
tone, 222 
types of, 220—21 

in urinary system, 743/ 743-44 

in uterine tube, 786/ 790 
Smooth surfaces, of epithelial eells, 85 
Sneeze reflex, 609, 635 

Soeial behavior, endoerine regulation 

of, 437-38 

Sodium 

abnormal levels of, 753, 753 1 

eharaeteristies of, 22 1 

defieieney of, 69 7t, 753, 753í 

fimetions of, 697* 

homeostasis, 449, 753 
ions, 24, 25/ 

referenee daily intake, 697í 

regulation of, 741-42, 742/ 751 
Sodium ehannels 
aetivation and inaetivation gates, 
279-81,280/ 

in eardiae muscle, 500, 502/ 503 
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eoneentration gradients and, 274f, 

274-75 

membrane potential and, 

275, 277 

in muscle aetion potential, 204-7, 

205 f 207/ 

neurotransmitter release and, 

285-87, 287/ 

in olfaetory epithelium, 370 
in taste eells, 371 
Sodium ehloride, dissoeiation of, 

27, 28/ 

Sodium fluoride, slow-releasing, 141 
Sodium-potassium (Na + -K + ) pump 

deseribed, 55, 55/ 274-76 
in digestion, 676, 676/ 679, 679/ 
in kidneys, 732/ 732-33 

SO (slow-twitch oxidative) fibers, 

218f, 218-19 

Soft palate, 608/ 609, 649, 649/ 

Soleus muscle 
aetion of, 260 t, 262 
innervation of, 260í 
insertion of, 260 t 
loeation of, 261/ 262, 262/ 
origin of, 260í 

Solubility, 27, 28/ 

Solutes 

addition of, 737 
eoneentration of, 734 
definition of, 50, 722 

reabsorbed, removal of, 737, 737/ 

reabsorption of, 732/ 

732-34, 734/ 

Sohition, 50 
Solvent, 50 
Soma (eell body) 

deseribed, 95, 9 6t, 269, 270/ 
of motor neurons, 303, 408/ 

408-11,409/ 

Somatie eells, 68, 835 

Somatie motor nervous system, 

352-58 

eompared to autonomic nervous 

system, 408, 408/ 409 t 

eranial nerves, 329 
definition of, 268 
neurons in. See Motor neurons 
Somatie reflexes, 304 
Somatie senses, 344, 344/ 

Somatie sensory assoeiation area, 352 

Somatomedins, 439 

Somatostatin (growth hormone- 

inhibiting hormone), 413, 

43 7t, 439 

Somites, 816/ 817 
Somitomeres, 817 
Sound 

production of, 607, 611, 611/ 647 
properties of, 395, 395/ 

Sound attenuation reflex, 396, 

397, 398 

Sound graph, 508/ 508-9, 509 t 

Sour taste, 371-72 
Spaee siekness, 401 


Spasmodie tortieollis, 241 
Spastie eolon, 680-81 
Spatial summation, 292-93, 293 f 
Speeial senses, 369-406. See also 

speeifie senses 

aging and, 380, 388, 401 
definition of, 344, 370 

prenatal development of, 823 
summary and review, 402-6 

Speeifieity, 51—52, 429, 429/ 

Speeeh 

eortieal eontrol of, 358, 360/ 
disorders of, 358 
normal range of, 395 
production of, 607, 611, 611/ 647 
Spermatie eord, 776, 778/ 

Spermatids, 774/ 776, 777/ 
Spermatoeytes, 774/ 776, 777/ 
Spermatogenesis, 776, 777/ 780, 781/ 
Spermatogonia, 774/ 776, 777/ 

Sperm eells (spermatozoon) 
aging and, 801 
ehromosomes in, 771 
during fertilization, 780, 787-88, 

788/ 797, 797/ 800, 809, 810/ 

meiosis in, 68 

number of, 780, 785 
production of, 770, 776, 777/ 

780, 781/ 
in semen, 780, 797 
structure of, 774/ 776 
Spermieidal agents, 798, 798í, 799/ 
Spermieidal douches, 798, 798r 
Sphenoidal (anterolateral) 

fontanel, 180/ 

Sphenoidal sinus, 156, 156/ 

157/608/ 

Sphenoid bone 
in brainease, 151 
in eranial eavity, 158, 159/ 
features of, 152 t 
greater wing of, 153/ 154 
loeation of, 154/ 157/ 158 
in nasal eavity, 156/ 
openings in, 158r 
in orbit, 155/ 

Sphenooeeipital synehrondosis, 179í 
Sphineter pupillae muscles, 376, 377/ 
Sphygmomanometer, 547, 547/ 

Spina bifida, 162, 162/ 817, 817/ 

Spinal anesthesia, 301 
Spinal eord, 4/ 

disorders of, 303, 347, 356, 420, 746 

foramen or fissure of, 157, 158 1, 162 

fimetions of, 300 

meninges of, 300-302, 301/ 

324-26, 325/ 
motor traets, 353/ 353 1, 

353-57, 354/ 

in parasympathetie division, 

410, 412/ 

prenatal development of, 

822,822/ 

relationship of sensory and motor 
neurons to, 303, 304/ 


sensory traets, 346/ 346/, 346-48 

structure of, 300, 300/ 
in eross seetion, 302/ 302-4 
Spinal eord injury, 303, 356, 420, 

675,746 

Spinal (dorsal root) ganglion, 302/ 

303, 304/311,311/ 

Spinalis muscles 
aetion of, 241 
innervation of, 242 t 
insertion of, 242 1 
loeation of, 242/ 
origin of, 242 t 
Spinal nerve(s) 
definition of, 268 
dermatomal map, 310, 310/ 
identifieation system, 309/ 

309-10 

roots of, 300, 300/ 302/ 303, 304/ 
311,311/ 

structure of, 311, 311/ 
in sympathetie division, 409/ 410, 

411/413,414/ 

Spinal nerve plexuses, 311—16. See also 

speeifie plexuses 
cutaneous distribution, 315/ 
loeation of, 309/ 
major nerves arising from, 31 4t 

Spinal reflexes, 304-8, 305/ 419 
Spinal shoek, 356-57 
Spinal tap, 301 
Spindle fibers, 48 t, 65 

Spine (bone), 150 1 
Spinoeerebellar traets, 346/, 348 
Spinocerebellum, 357 
Spinomeseneephalie traets, 346, 

346/, 346/ 

Spinoreticular traets, 346, 

346/, 346/ 

Spinothalamie traets, 346/ 346/, 

346-47, 347/ 

Spinous proeesses 

bifid, 163, 164/, 164/ 

of eervieal vertebrae, 163, 

164/, 164/ 

of lumbar vertebrae, 163, 

164/, 164/ 

of saeral vertebrae, 163 
structure and fimetion, 161/, 

162,162/ 

of thoraeie vertebrae, 163, 

164/, 164/ 

Spiral arteries, 794, 796 
Spiral fractures, 139, 139/ 

Spiral (eoehlear) ganglion, 398 
Spiral glands, 794 
Spiral lamina, 391, 393/ 

Spiral organ (organ of Corti), 

391,393/ 

Spirometer, 622 
Spirometry, 622 

Splanehnie nerves, 410, 411/ 

413,414/ 

Spleen 

fimetions of, 574 


loeation of, 4/ 570/ 574, 575/ 

668/ 723/ 

red blood eell removal in, 473, 

473/ 574 
rupture of, 575 
structure of, 574, 575/ 

Spleneetomy, 575 

Splenie artery, 528/ 531, 533/ 

574, 575/ 

Splenie eords, 574 

Splenie flexure (left eolie flexure), 672/ 

Splenie vein, 537/ 542, 543/ 575/ 
Splenius eapitis muscle, 235/ 240, 

240/ 242/ 

Splenius eervieis muscle 
aetion of, 240 1 
innervation of, 240 t 
insertion of, 240 t 
loeation of, 240/ 
origin of, 240 t 
Splieeosomes, 66 
Spongy bone 
elassifieation of, 88í 
definition of, 129, 129 f 

repair of, 141, 142, 142/ 

structure and fimetion, 92, 93 1 
Spongy urethra, 778/ 779 
Sprained ankle, 189, 189/ 

Sprue (malabsorption syndrome), 681 
Squamous eell eareinoma, 101, 

119-20, 120/ 

Squamous epithelial tissue 
definition of, 79 
simple, 79, 80t, 82 
stratified, 82, 83í 
Squamous sutures, 153, 153/ 

179í, 180/ 

SSRIs (seleetive serotonin reuptake 

inhibitors), 288t-289t 
Stapedius muscle, 390, 391/ 396, 398 
Stapes 

fimetion of, 396, 396/ 
loeation of, 390, 390/ 391/ 

Starehes, 33, 3 4t 

Starling law of the heart, 512, 554 
Start eodon, 66-67, 69/ 

Starvation, 714 
Statie balanee, 398-99 

Statin drugs, 141 
Stellate fractures, 139 
Stem eell(s) 
adult, 99,812-13 

blood, 469, 470/ 472, 584 

eaneer therapy and, 469 
eommitted, 129 

definition of, 812 
embryonie, 98-99, 810, 813 
mesenehymal, 88 
multipotent, 99 
pluripotent, 99, 810 
therapeutic uses of, 812-13 
in tissue renewal, 98 
totipotent, 810, 813 
unipotent, 99 
Stem eell niehes, 99 
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Stenosis, heartvalve, 511, 514-15 

Stent, 501 

Stereoeilia 

auditory function, 396, 396/ 
balanee fiinetion, 399, 400)/ 
loeation of, 392, 393 f 
394/ 398/ 

Stereotypie, 304 

Sternal angle, 165, 166, 166/ 

Sternal (medial) end of elaviele, 

167, 168/ 

Sternal region, 13/ 

Sternoclavicular joint, 182/ 
Sternoeleidomastoid muscle 

aetion of, 240, 240/ 
innervation of, 240/ 
insertion of, 240í 
loeation of, 235/ 238/ 240/ 
origin of, 240r 

ventilatory function of, 618, 618/ 
Sternoeostal synehondrosis, 

179í, 180 

Sternohyoid muscle 
aetion of, 238/ 
innervation of, 238/ 
insertion of, 238/ 
loeation of, 238/ 
origin of, 238/ 

Sternothyroid muscle 
aetion of, 238/ 
innervation of, 238/ 
insertion of, 238/ 
loeation of, 238/ 
origin of, 238/ 

Sternum 

elinieal importanee of, 166 
defmition of, 165 
loeation of, 151/ 
structure and function, 165, 

166, 166/ 

surface anatomy of, 166/ 
Steroid(s) 
anabolie, 220 
digestion of, 677 

types of, 34/, 36-37, 37/ 

Stethoseope 

for blood pressure determination, 

547, 547/ 

for heart sounds, 510/ 510-11 
Stimulating agents (agonists), 417 
Stimulus frequency, 212 
Stomaeh, 653-61 

anatomy and histology of, 

653-55, 656/ 

digestion in, 676í 

loeation of, 4/ 645/ 648/ 

653, 661/ 

movements of, 658-61, 660/ 
in newborn, 833 
seeretions of, 652í, 655—58, 

657/ 659/ 

Stop eodons, 66-67, 69/ 

Storage 

bile, 668—69 

in liver, 666 


Strabismus, 386 
Straight sinus, 538/ 

Strata of epidermis, 107—10, 109/ 

109/, 110/ 

Stratihed columnar epithelium, 

82, 84/ 

Stratihed cuboidal epithelium, 

82,83/ 

Stratihed epithelium 
dehnition of, 79 
hmetions, 85 
types of, 82, 83/, 84/ 

Stratihed squamous epithelium, 

82,83/ 

Stratum basale, 107—8, 109/, 

109/110/ 

Stratum corneum, 108, 109/, 109/ 

110,110/ 

Stratum granulosum, 108, 109/, 

109/110/ 

Stratum lucidum, 108, 109/, 

109/110/ 

Stratum spinosum, 108, 109/, 

109/110/ 

Streptokinase, 478, 501 
Stress urinary ineontinenee, 244 
Streteh marks, 113 

Streteh reeeptors, 631, 744, 745/ 
Streteh rehex, 306/ 306-7 
Striae, 113 
Striated muscle 

eardiae, 94/, 95, 224, 499, 500/ 
skeletal, 93, 94/, 200, 201/ 

Stroke 

dehnition of, 324, 362, 531 

drug therapy for, 290/, 291/ 
hemorrhagie, 324 
isehemie, 324 

Stroke volume (SV), 511—12, 

549, 554 

Stryehnine poisoning, 290/ 
Student’s elbow, 188 

Sty, 373 

Styloglossus muscle 
aetion of, 239/ 
innervation of, 239/ 
insertion of, 239/ 
loeation of, 239/ 
origin of, 239/ 

Stylohyoid muscle 
aetion of, 238/ 
innervation of, 238/ 
insertion of, 238/ 
loeation of, 238/ 239/ 
origin of, 238/ 

Stylohyoid syndesmoses, 179/ 
Styloid proeess 
inferior view, 157, 157/ 
lateral view, 153/ 239/ 
structure and hinetion, 152/, 

168, 170/ 

Stylomandibular syndesmoses, 179/ 
Stylomastoid foramen, 158/ 
Subacromial bursa, 186, 187/ 
Subacromial bursitis, 250 


Subarachnoid spaee 
introduction of needles into, 301 
loeation of, 325/ 326 
of spinal eord, 301, 301/ 
Subclavian arteries 

loeation of, 528/ 529/ 530/ 

532/ 533/ 

structure and hinetion, 527 

Subclavian veins, 537/ 538/ 539, 

540/ 570/ 

Subcutaneous injeetions, 113 
Subcutaneous prepatellar bursa, 

189, 190/ 

Subcutaneous tissue, 107, 108/ 109/ 
Subdural hematomas, 324, 326 
Subdural spaee 
loeation of, 325/ 326 
of spinal eord, 301, 301/ 
Sublingual glands, 651, 651/ 
Submandibular ducts, 649/ 
Submandibular glands, 651, 651/ 
Submaximal stimulus, 282 

Submucosa, 645, 646/ 662/ 
Submucosal plexus, 645, 646/ 
Subpubic angle, 172/ 173/ 174/ 
Subscapular fossa, 167, 168/ 
Subscapularis muscle 

aetion of, 248/, 249, 250/ 

innervation of, 248/ 
insertion of, 248/ 
loeation of, 247/ 249/ 
origin of, 248/ 

Substance P, 291/, 413 
Substantia nigra, 317, 323/ 

324, 359 

Subthalamic nuclei, 320, 323/ 324 
Subthalamus, 320, 320/ 
Subthreshold stimulus, 206, 282 
Sucrase, 652/ 

Sucrose, 33, 34/, 35/ 692 
Sugar, 692-93 

Sugar eleavage, in glyeolysis, 

701 f-702f, 702 
Sulci (sing., sulcus) 
bone, 150/ 
brain, 321, 322/ 

heart, 493, 494/495/ 

Sulfur 

eharaeteristies of, 22/ 
deheieney of, 697/ 
hinetions of, 697/ 
referenee daily intake, 697/ 
Summation 
dehnition of, 278 
frequency, 212—13, 213/ 
multiple-hber, 212 

spatial, 292-93, 293/ 
temporal, 293, 293 f 

Superhcial, 12, 12/ 

Superhcial inguinal ring, 774, 778/ 
Superhcial lymphatie vessels, 617 
Superhcial lymph nodes, 573 
Superhcial palmar areh, 531, 532/ 

540, 540/ 

Superhcial temporal artery, 530/ 


Superhcial temporal vein, 538/ 
Superior, 11/ 12, 12/ 

Superior alveolar nerves, 336 
Superior angle of scapula, 168/ 
Superior articular proeesses, 161/, 

162,164/ 

Superior border of scapula, 168/ 
Superior eerebellar artery, 530/ 
Superior eerebellar peduncles, 

318, 318/ 

Superior eervieal sympathetie ehain 

ganglion, 413 

Superior colliculi, 317, 318/ 

388, 398 

Superior gemellus muscle 
aetion of, 256/, 260/ 
innervation of, 256/ 
insertion of, 256/ 
loeation of, 255/ 
origin of, 256/ 

Superior meatus, 608/ 609 
Superior mesenterie artery, 528/ 

531, 533/ 

Superior mesenterie ganglion, 

413,414/ 

Superior mesenterie vein, 537/ 

542, 543/ 

Superior nasal eoneha, 156/ 608/ 
Superior oblique muscle, 374/, 375/ 
Superior olivary nucleus, 398 
Superior orbital hssures, 154/ 155, 

155/ 158/ 

Superior phrenie arteries, 531 
Superior pubic ramus, 173/ 

Superior rectus muscle, 374, 

374/, 375/ 

Superior sagittal sinus, 325/ 326, 

537/ 538/ 

Superior temporal line, 152/ 
Superior thyroid artery, 530/ 
Superior thyroid vein, 538/ 

Superior vena eava 
in eoronary circulation, 494/ 495, 

495/ 496/ 498/ 

hinetions of, 536 

loeation of, 537/ 538/ 542/ 
Supination, 168, 184, 185/ 

Supinator muscle 
aetion of, 251, 251 / 
innervation of, 251/, 313/ 
insertion of, 251 / 
loeation of, 254/ 
origin of, 251/ 

Supine, 11 

Supporting eells, 371, 372f, 

398/ 399/ 

Suprachiasmatic nucleus, 321 
Suprahyoid muscles, 238, 

238/ 238/ 

Supramaximal stimulus, 282 
Supraorbital foramen or noteh, 153/ 

154/ 155/ 158/ 

Supraorbital margin, 153/ 
Supraorbital nerve, 158/ 
Suprapatellar bursa, 189, 190/ 
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Suprarenal arteries, 533/ 

Suprarenal glands. See Adrenal glands 
Suprarenal veins, 543 f 
Supraspinatus muscle 

aetion of, 248*, 249, 250* 

innervation of, 248* 
insertion of, 248* 
loeation of, 249/ 
origin of, 248* 

tendon of, 247/ 

Supraspinous fossa, 167, 168/ 

Sural nerve, 315, 315/ 

Sural region, 13/ 

Surface anatomy, 2 
Surface area, of respiratory 

membrane, 625 
Surface ehemieals, 581* 

Surface mucous eells, 655, 656/ 
Surface tension, 619 
Surfactant, 619—21 
Surgical methods 

(eontraeeption), 800 
Surgical neek of humerus, 

167,169/ 

Suspensory ligaments 

of breasts, 792, 793/ 
of eyes, 376, 376/ 377/ 378 

functions of, 380, 380/ 

of ovaries, 785, 786/ 

Sustentacular eells (Sertoli eells), 774/ 

776, 777/780, 781/ 

Sutural (wormian) bones, 152 
Suture(s) 

eoronal, 152, 152/ 153/ 154/ 179* 

in fibrous joints, 178-79, 

179*, 180/ 

lambdoid, 152, 152/ 153/ 179, 
179*, 180/ 

movement of, 179* 
in newborns, 179, 180/ 
oeeipitomastoid, 153/ 

sagittal, 152, 152/ 153/ 179* 
squamous, 153, 153/ 179*, 180/ 

SV (stroke vohime), 511—12, 

549,554 

Swallowing (deglutition), 611, 649, 

653, 654/ 

Sweat, 750 
Sweat glands 
loeation of, 108/ 115/ 
structure and fimetion, 114-15, 
115/750 

Sweet taste, 371—72 

Sympathetie ehain ganglia, 409/ 410, 

411/413,414/ 

Sympathetie division (ANS) 
axon routes, 410, 411/ 413 

blood pressure regulation by, 418, 

419/ 548,552/ 552-53,555/ 
556, 556/742, 752/ 
eompared to parasympathetie, 412* 
definition of, 268, 311 
digestive fimetion regulated by, 651 

fimetions of, 410, 413, 414/ 416*, 
420-22, 447 


heart rate regulated by, 

513-14,514/ 

neurotransmitters seereted 

by, 413 

reeeptors, 415, 415/ 416* 

reflexes, 418, 419/ 

renal regulation by, 731, 742 

sexual fimetion regulated by, 

783-84, 784/ 
structure of, 409/ 409—10 
Sympathetie nerves, 410, 411/ 

413,414/ 

Sympathomimetie (adrenergie) 

agents, 417 

Symphyses, 179*, 180-81 
Symphysis pubis 
female, 786/ 

loeation of, 172, \72f, 173f, 

174/ 179* 

Symport, 54, 733 
Symporters, 54, 289*, 679 
Synapse(s), 285-94 
axoaxonic, 292, 292/ 
ehemieal, 285-92, 287/ 
elinieal examples, 288*—291* 
definition of, 270, 285 
eleetrieal, 285 
integration by, 294 
modifying aetivity at, 287, 288/ 
in muscular system. See 

Neuromuscular junction 
Synapsis, 771 

Synaptie eleft, 206/ 207, 207/ 

285, 287/ 

Synaptie vesieles, 206/ 207, 285 
Synehondroses, 179*, 180 
Syneytiotrophoblast, 811, 812/ 

813/814 

Syneytmm, 811 

Syndesmoses, 179, 179*, 180/ 
Synergists (muscle), 230 
Synostosis, 179 
Synovial fluid, 96, 181, 181/ 
Synovial joints 
ball-and-soeket, 182*, 183 
biaxial, 181, 182*, 183 
definition of, 181 
ellipsoid, 182*, 183 

gliding, 181, 182*, 183 

hinge, 182*, 183 
movement of, 182* 
multiaxial, 181, 182*, 183 
pivot, 182*, 183 
plane, 181, 182*, 183 
saddle, 182*, 183 
structure of, 181, 181/ 
types of, 181-83, 182*, 187/ 
uniaxial, 181, 182*, 183 
Synovial membranes, 96, 97/ 

181, 181/ 

Synthesis reaetions, 27, 28/ 29 
Syringomyelia, 347 

Systemie anatomy, 2 

Systemie circulation, 491, 491/ 527. 

See also Arteries; Veins 


Systemie inflammation, 582-83 
Systemie physiology, 2 
Systemie vessels, 523 
Systole, 506-10, 507/ 508/ 

Systolie pressure, 510, 547, 547/ 

T 

Taehyeardia, 504, 504* 

Taetile (Meissner) corpuscles, 345, 

345/ 362 

Taetile (Merkel) disks, 345, 345/ 
Tadalafil (Cialis), 784 
Tagamet (eimetidine), 658 
Tail 

ofpanereas, 670, 670/ 
of sperm eells, 774/ 776 
Talocrural joint, 189. See also Ankle 
Talus, 177, 178/ 191/ 

Target eells, 529, 593/ 

Target tissues, 427, 429 

Tarsal bones 

loeation of, 151/ 171/ 178/ 

structure and fimetion, 

177, 178/ 

Tarsal (meibomian) glands, 

373, 373/ 

Tarsal plate, 373, 373/ 

Tarsometatarsal joint, 182* 

Tastants, 371 
Taste, 371-72, 401 
Taste buds, 371-72, 372/ 649 
Taste eells, 371, 372/ 

Taste hairs, 371, 372/ 

Taste pore, 371, 372/ 

Tay-Saehs disease, 841* 

TBG (thyroxine-binding globulin), 443 
T eell(s), 474 
aging and, 576, 599 

cytotoxic. See Cytotoxic T eells 
definition of, 578 

fimetion of, 576, 579* 

helper. See Helper T eells 

memory, 579*, 586, 587/ 593/ 

MHC-restricted response, 

586, 587/ 
naive, 586, 593/ 

origin and mamration of, 575-76, 

584,584/ 

regulatory, 594 
T-eell reeeptors, 584 
T4 (CD4) eells, 586, 587/ 

Tears, production of, 374, 374/ 
Teetorial membrane, 392, 393/ 

396-97 

Teetospinal traet, 353/ 

Teeth, 649/ 649-51, 650 f 

Teleneephalon, 822, 822/ 

Telophase, 70, 71/ 771, 772/ 

TEM (transmission eleetron 

mieroseope), 46 
Temperamre 

body. See Body temperamre 
and ehemieal reaetion rate, 31 
heat exchange and, 714-16 


oxygen-hemoglobin dissoeiation 
curve and, 627—29 

seromm, 773 
Temporal, 153 
Temporal bone 
in eranial eavity, 158, 159/ 
feamres of, 152* 

loeation of, 151—53, 153 f, 154£ 
157, 157/ 

openings in, 158* 
in temporomandibular 
joint, 187/ 

Temporalis muscle 
aetion of, 236, 237* 
attaehment point, 154 

innervation of, 237* 
insertion of, 237* 

loeation of, 235/ 237/ 

origin of, 237* 

Temporal lines, 152*, 153/ 

153-54 

Temporal lobe, 322, 322/ 349 

Temporal proeess of zygomatie bone, 

153/ 154/ 

Temporal summation, 293, 293/ 
Temporomandibular disorder 

(TMD), 186 

Temporomandibular joint (TMJ) 
as ellipsoid joint, 182* 
structure and fimetion, 186, 187/ 

Tendinous interseetions, 241, 243/ 
Tendon(s), 230, 230/ See also speeifie 

tendons 

Tendonitis, shoulder, 187, 250 
Tendon sheaths, 181, 181/ 

Teniae eoli, 672/ 673 
Tennis elbow, 253 
Tension headaehes, 363 
Tension (eleavage) lines, 112/ 

112-13 

Tensor faseiae latae muscle 
aetion of, 258*, 259, 260* 
innervation of, 258* 
insertion of, 258* 

loeation of, 257/258, 259 

origin of, 258* 

Tensor tympani muscle, 390, 391/ 

396,398 
Teratogens, 834 
Teres major muscle 

aetion of, 248*, 249, 250* 

innervation of, 248* 
insertion of, 248* 
loeation of, 247/ 249/ 252/ 
origin of, 248* 

Teres minor muscle 

aetion of, 248*, 249, 250* 

innervation of, 248* 
insertion of, 248* 
loeation of, 247/ 249/ 
origin of, 248* 

Teriparatide (Forteo), 141 
Terminal bronehioles, 613, 614/ 
Terminal eisternae, 208, 208/ 
Terminal ganglia, 410 
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Terminal hairs, 113 

Terminology, 11—18 

Tertiary (segmental) bronchus, 612/ 

613, 614/ 

Tertiary neurons, 347, 347/ 348/ 

Tertiary structure of proteins, 

38/39 

Testicular arteries, 332, 533/ 778/ 
Testicular nerve, 778/ 

Testicular veins, 778/ 

Testis (pl., testes) 

deseent of, 774, 775/ 826 
histology of, 773-74, 774/ 
hormones of, 442 1, 456, 773, 774, 
780, 781/782r 
loeation of, 426/ 770/ 773, 

773/ 778/ 

prenatal development of, 

826, 827/ 

Testosterone 
blood levels of, 783 
and bone growth, 138 
effeets of, 781-83, 782r 
and osteoporosis, 140-41 
seeretion of, 442 t, 456, 773, 774, 
780, 781,781/827 

structure and ffmetion, 34/, 36, 37, 

37/ 442/, 456 
Tetanus, 212, 448 
Tetany, 284 

Tetraiodothyronine (thyroxine orT4), 

442/, 442-43, 443/ 

TF (tissue faetor or thromboplastin), 

477, 483 

Thalamus 

in auditory pathways, 398 

loeation of, 317/ 318/ 323/ 

structure and ffmetion, 

319-20, 320/ 

Thalassemia, 484, 841 t 
Theea, 787/ 788, 789/ 794 

Theeal sae, 300 
Thenar muscles, 254/ 255 
Therapeutic hyperthermia, 717 
Therapeutic hypothermia, 717 
Thermie effeet of food, 713 
Thermoreeeptors, 345 
Theta waves, 360 
Thiamine. See Vitamin 

Thiazide diuretics, 735 
Thiek skin, 110—11 

Thigh 

arteries of, 528/ 535/ 

535-36, 536/ 

bone of, 151/ 1717 174-76, 

175/ 176/ 

definition of, 12 

rrmseles moving, 255/ 255—56, 256/, 

257/ 258/, 260/ 

veins of, 537/ 542, 545/ 546, 546/ 

Thin skin, 111 

Third-degree burns, 116—17, 117/ 
Third ventriele, 326, 327/ 436/ 

Thirst eenter, 749/ 749—50 
Thoraeie aorta, 527, 528/ 531, 533/ 


Thoraeie eage 
definition of, 165 

serous membranes in, 14, 16/ 647 
structure and ffmetion, 165-67, 166/ 
Thoraeie curves, 160, 160/ 

Thoraeie duct, 570/ 571 
Thoraeie muscles, 245/, 245/ 245-46 

Thoraeie nerves 
dermatomal map, 310/ 
identifieation system, 309/ 

Thoraeie vertebrae 
articulation with ribs, 165, 166/ 
structure and ffmetion, 159, 160/ 

163, 164/, 164/ 

Thoraeie volume, during respiration, 

618, 618/ 

Thoracolumbar division. See 

Sympathetie division 

Thorax 

arteries of, 528/ 529/ 
eomplianee of, 622 
definition of, 13 
innervation of, 310, 310/ 

413,414/ 

loeation of heart in, 492, 492/ 
veins of, 537/ 539/ 541, 542/ 
Thoroughfare ehannels, 525, 525/ 
Threshold, 205, 207/ 212, 278, 279/ 

Threshold stimulus, 206, 282 
Throat. See Pharynx 

Thrombin, 477 

Thromboeytes. See Platelet(s) 
Thromboeytopenia, 483 

Thromboplastin (tissue faetor), 

477, 483 

Thrombosis (pl., thromboses), 526, 

531,556 

Thromboxanes, 36, 458, 475, 476 
Thrombus, 362, 478, 501 
Thymie (Hassall) corpuscles, 

575, 576/ 

Thymine, 40, 41/ 

Thymosin, 442/, 458 
Thyrrms 

aging and, 576, 599 
ffmetions of, 575-76, 584 
hormones of, 442/, 458 
loeation of, 4267 458, 5707 
575, 576/ 

structure of, 575, 576/ 

Thyroeervieal trunk, 530/ 

Thyroglobulin, 441, 441/ 443, 443 f 

Thyrohyoid muscle 
aetion of, 238 t 
innervation of, 238 t 
insertion of, 238 t 
loeation of, 238/ 
origin of, 238 t 

Thyroid eartilage, 238/ 608/ 610, 

610/611/ 

Thyroid disorders, 24, 445, 448 
Thyroid follieles, 441, 441/ 442r 
Thyroid gland, 441-46 
aging and, 458 
disorders of, 445, 446 


hormones of, 442/, 442—46, 443 f 
loeation of, 238/ 426/ 441/ 

prenatal development of, 823 

structure of, 441, 441/ 

Thyroid hormones, 442/, 442—46 
effeets of, 442/, 444 
seeretion of, 442-43, 443/ 
abnormal, 445, 446 

during laetation, 834 
regulation of, 444, 444/ 
transport in blood, 443 
Thyroid-stimulating hormone (TSH), 

428, 440/, 444, 444/ 

Thyroid-stirrmlating immunoglobulin 

(TSI), 445 
Thyroid storm, 445 

Thyrotropin-releasing hormone 

(TRH), 437/, 444, 444/ 

Thyroxine (tetraiodothyronine orT4), 

442/, 442-43, 443/ 

Thyroxine-binding globulin 

(TBG), 443 

Tibia 

at ankle, 177, 178/ 191/ 
at knee, 190/ 

loeation of, 151/ 171/ 176/ 

stress fracture of, 261 
structure and fimetion, 176—77 

Tibial arteries, 528/ 535/ 536 
Tibial (medial) eollateral ligament, 

188/ 189, 190/ 

Tibialis anterior muscle 
aetion of, 260 t 
injury to, 261 
innervation of, 260 t 
insertion of, 260 t 
loeation of, 261/ 
origin of, 260r 
Tibialis posterior muscle 
aetion of, 260 t 
innervation of, 260 t 
insertion of, 260í 
loeation of, 262/ 
origin of, 260 t 
Tibial nerve 
cutaneous distribution, 

314/, 315/ 

in himbosaeral plexus, 314/, 315 
rrmseles innervated by, 314í 
Tibial periostitis, 261 
Tibial mberosity, 176, 176/ 

Tibial veins, 537/ 542, 545/ 

Tibiofibular syndesmoses, \79t 
Tidal volume, 622, 638 

Tight junctions, 85/ 85-86, 732—33 
Timbre, 395 
Tinnitus, 402 
Tip link, 392 

Tissue(s), 77-105. See also speeifie types 

ofitissues 
aging and, 102 
blood flow through, 552 

blood flow to, 523 

earbon dioxide exchange in, 

629-31,630/ 


definition of, 3, 78 
summary and review, 102—5 
Tissue faetor (TF or thromboplastin), 

477, 483 

Tissue level of organization, 3, 3/ 
Tissue maturation, endoerine fimetion 

in, 426 

Tissue plasminogen aetivator (t-PA), 

478, 501 

Tissue renewal, 97—99 
Tissue repair, 97—102 
definition of, 99 

inflammatory response in, 97, 98/ 
proeess of, 98/ 99—102, 100/ 

Titin, 200, 201/ 

TLRs (toll-like reeeptors), 579 
TMD (temporomandibular disorder), 

186 

TMJ (temporomandibular joint) 
as ellipsoid joint, 182 1 
structure and fimetion, 186, 187/ 
TNF-a (tumor neerosis faetor a), 578í 
Toeopherol. See Vitamin E 
Toeotrienols. See Vitamin E 
Toenails. See Nail(s) 

Toll-like reeeptors (TLRs), 579 
Tongue 

fimetions of, 239, 649 

innervation of, 372 

loeation of, 608/ 611/ 649, 649/ 
rrmseles of, 239, 239/ 239 1 

sensations deteeted by, 372 

structure of, 649 
taste buds on, 371, 372/ 649 
Tongue rolling, 239 
Tonsilleetomy, 572 
Tonsils 

adenoid, 572, 572/ 609 
lingual, 572, 572/ 608/ 609, 649 

loeation of, 570/ 

palatine, 572, 572/ 608/ 609, 649 
pharyngeal, 572, 572/ 608/ 609 
Torn menisois, 188 
Tortieollis, 241 
Total lung eapaeity, 622 
Totipotent stem eells, 810, 813 
Touch reeeptors, 345, 345/ 

T-PA (tissue plasminogen aetivator), 

478, 501 

Trabeculae 

of eardiae rrmsele, 493, 493/ 

definition of, 92 

of lymph node, 573/ 573-74 
of spleen, 574, 575/ 

of spongy bone, 129, 129 f 

of thyrrms, 575, 576/ 

Traee minerals, 697 
Traehea (windpipe) 
loeation of, 4/ 607/ 608/ 610/ 
611/612/ 

structure and ffmetion, 612—13 
Traeheal eartilage, 610/ 

Traehealis muscle, 612 
Traeheobronehial tree, 612/ 613—15 
Traeheostomy, 613 
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Traeheotomy, 613 

Traets (fasciculi or pathways), 273, 

302,302/ 

Transamination, 708, 710/ 
Transeription, 66 , 68 / 

Transfer ribonucleic aeid (tRNA), 

66 , 67/ 

Trans form, 693 
Transfusion (blood), 478-82 
Transfusion reaetions, 479, 482 
Transit amplifying eell, 99 
Transitional epithelium, 82, 84/, 83 
Translation, 66-67, 69/ 

Transmission eleetron mieroseope 

(TEM), 46 

Transplantation 

bone marrow, 469 

eorneal, 376 

graft rejeetion, 597-98 

kidney, 746 

Transport. See also speeifie meehanisms 

and suhstances 

by blood, 467, 472, 523,550 

of nutrients, 675-81 
by water, 33 

Transporters (earrier proteins), 53 1, 

53-54, 54/ 

Transport proteins, 47 
Transport vesiele, 60, 62/ 

Transurethral reseetion of the prostate 

(TURP), 779 

Transverse areh, 178/ 

Transverse eolon, 647, 648/ 672 / 673 
Transverse foramen, 163, 164/, 164/ 
Transverse fraemres, 139, 139/ 

Transverse ligament of knee, 190/ 
Transverse mesoeolon, 647, 648/ 
Transverse perinei muscles 
aetion of, 2 44t 
innervation of, 2 44t 
insertion of, 24 4t 
loeation of, 244/ 
origin of, 2 AAt 
Transverse plane, 13, 15/ 

Transverse proeesses 
of eervieal vertebrae, 163, 164/, 164/ 
deseribed, 161/, 162 
of lumbar vertebrae, 163, 164/, 164/ 

of saeral vertebrae, 163 

of thoraeie vertebrae, 163, 164/, 164/ 

Transverse (eross) seetion, 14, 16/ 
Transverse sinus, 538/ 

Transverse (T) tubules 
loeation of, 201 / 208/ 209/ 500/ 

structure and function, 208, 499 
Transversus abdominis muscle 

aetion of, 241, 243 1 
innervation of, 243 1 
insertion of, 243 1 
loeation of, 242/ 243/ 
origin of, 243 1 
Trapezium bone, 169, 171/ 

Trapezius muscle 

aetion of, 240, 240/, 246, 2 46t 
innervation of, 240/, 2 46t 


insertion of, 240/, 2 46t 
loeation of, 235/ 238/ 240/ 

247/ 249/ 

origin of, 240/, 2 46t 
Trapezoid bone, 169, 171/ 

Traumatic brain injury, 324, 326 
Tremor, 359 
Treppe, 213/213-14 

TRH (thyrotropin-releasing hormone), 

437/-, 444, 444/ 

Triaeylglyeerols. See Triglyeerides 
Triad, 208, 208/ 

Trieeps braehii muscle 

aetion of, 249, 250, 250/, 251, 251 1 

innervation of, 251/, 313/ 
insertion of, 251, 251 1 
loeation of, 249/ 252/ 

origin of, 250, 25 \t 
Tricuspid valve 
disorders of, 511 

heart sounds caused by, 510/ 510—11 

loeation and structure, 495, 496/ 
Trigeminal (CN V) nerve 
disorders of, 330, 332 1 
foramen or hssure of, 158/, 332 1 

functions of, 329, 332/, 398 

mandibular division, 330, 332/, 336 
maxillary division, 330, 332/, 336 
ophthalmie division, 158/, 330, 

332/, 336 

origin of, 329, 330/ 
reflexes, 336—37 
Trigeminal neuralgia, 330, 332 1 
Trigeminothalamie traet, 346/, 348 
Trigger zone, 270, 270/ 283, 292 
Triglyeerides, 34, 35/ 677, 693 
Triiodothyronine (T3), 442/, 

442-43, 443/ 

Tripeptidases, 679 
Tripeptide, 37 
Triphosphate (IP 3 ), 432 
Triplets, 66 

Triquetrum bone, 169, 171/ 

Trisomy 21 (Down syndrome), 362, 

836,841* 

Tritium, 22 , 23 

tRNA (transfer ribonucleic aeid), 

66 , 67/ 

Troehanter (bone), 150 1 

Troehlea, 168, 169/ 187/ 

Troehlear (CN VI) nerve 
disorders of, 332 1 
foramen or fissure of, 158/, 332 1 

flmetions of, 329, 332/, 375 
origin of, 329, 330/ 

Troehlear noteh, 168, 170/ 187/ 
Trophoblast, 811, 811/ 

Tropomyosin, 200 , 201 / 209, 

209/210/ 

Troponin, 200 , 201 / 209, 209/ 210 / 
True pelvis, 173 
True ribs, 165, 166/ 

True voeal eords (voeal folds), 608/ 

610, 610/611/ 

Trunk, 13 


Trunk muscles, 232^233/ 241-46 
Trypsin, 652/, 671, 679 
Tryptophan, 695 

TSH (thyroid-stimulating hormone), 

428, 440/, 444, 444/ 

TSI (thyroid-stimulating 

immunoglobulin), 445 
Tubal ligation, 799/ 800 
Tuber (bone), 150í 
Tubercle(s) 

adductor, 175, 175/ 

definition of, 150, 150í 
genital, 827, 828/ 
ofhumerus, 167, 169 f 
ofiliae erest, 172/ 173/ 
infraglenoid, 168/ 

pubic, 173/ 

of ribs, 165, 166/ 

Tuberosity 
definition of, 150* 

deltoid, 167, 169/ 
ghiteal, 174, 175/ 
isehial, 173, 173/ 174* 

radial, 168, 170/ 
tibial, 176, 176 / 
ulnar, 168, 170/ 

Tubular reabsorption, 728/ 728—29, 

732/ 732-34, 734/ 

Tubular seeretion, 728/ 729, 734-35 

Tubules, in glands, 86 

Tubuli reeti (tubulus rectus), 774, 774/ 

Tumor(s). See also Cancer 

adrenal, 449 

benign, 101 
brain, 362 
definition of, 101 

hypothalamie, 439 

immune surveillance, 597 
immunotherapy for, 594 
lymphatie, 573 

malignant, 101 

pineal, 457 
pimitary, 388, 439 
thyroid, 445 

Tumor neerosis faetor a (TNF-a), 578í 
Tumor-suppressor genes, 839 
Tunic(s) 

digestive, 645—46, 646/ 653 
vascular, 523, 524/ 

Tunica adventitia, 523, 523/ 524/ 
Thniea albuginea, 773, 774/ 785, 787/ 
Tunica intima, 523, 523/ 524/ 526 
Tunica media, 523, 523/ 524/ 

Tunica vaginalis, 774, 775/ 

Tunnel vision, 388 
Turner syndrome, 835, 841* 

TURP (transurethral reseetion of the 

prostate), 779 
T wave, 505, 506/ 510 
Twins, 810 

Two-point diserimination, 345, 362 
Tympanie membrane (eardmm) 
flmetion of, 396, 396/ 
loeation of, 389, 390/ 391/ 
rupture of, 389 


Type 1 (insulin-dependent) diabetes 

mellims (IDDM), 452—53 

Type 2 (noninsulin-dependent) 

diabetes mellims (NIDDM), 

452-53 

Type I interferon, 583 

Type II interferon, 583 

Type I pneumocytes, 613, 615/ 

Type II pneumocytes, 613, 615/ 

U 

Ulcer(s), peptie, 680 
Ulcerative eolitis, 680-81 
Ulna 

at elbowjoint, 187/ 
loeation of, 151/ 170/ 
movement of, 168 
radioulnar syndesmosis, 180/ 
structure of, 167 / 168, 170/ 

Ulnar artery, 528/ 531, 532/ 

Ulnar nerve 

in braehial plexus, 312, 312/ 

313,314* 

cutaneous distribution, 314*, 315/ 
injury to, 316 

muscles innervated by, 314* 

Ulnar noteh, 170/ 

Ulnar mberosity, 168, 170/ 

Ulnar veins, 540, 540/ 

Ultraviolet-A (UVA), 120 
Ultraviolet-B (UVB), 120 
Ultraviolet (UV) radiation, skin eaneer 

and, 119, 120 

Umami (savory) taste, 371—72 
Umbilical arteries, 813/ 831, 832/ 

833,833/ 

Umbilical eord, 813/ 829/ 832/ 
Umbilical eord blood, 469 

Umbilical region, 13/ 

Umbilical vein, 813/831, 832/ 833/ 
Umbilicus, 243/ 

Unconscious, 304 
Uniaxial joints, 181, 182*, 183 
Unipolar neurons, 270, 271/ 

Uniport, 54 
Uniporters, 54 
Unipotent stem eells, 99 
Unitary (single-unit) smooth 

muscle, 221 
Universal donor, 480 
Unmyelinated axons 
aetion potential propagation in, 

283,283/ 

structure and flmetion, 273, 273/ 
Unpaired bone, 150 
Unsaturated fats and oils, 693 
Unsaturated fatty aeids, 36, 36/ 

Upper esophageal sphineter, 653 
Upper limb. See also Arm; Elbow; 

Forearm; Hand; Wrist 
arteries of, 528/ 531, 532/ 
as body region, 12 , 13/ 
bones and joints of, 167—71. See also 
speeifie hones orjoints 
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innervation of, 310, 310 f, 

313/313/ 

muscles of, 232/-233/ 246—53. See 

also speeifie muscles 

veins of, 537/ 539-41, 540/ 541/ 
Upper motor neurons, 352, 

354-55,355/ 

Upper respiratory traet, 607, 607/ 
Up-regulation, 429 
Uracil, 40 

Urea, 666, 708, 710/734 
Urea eyeling, 737, 737/ 

Ureter(s) 

anatomy and histology of, 743/ 

743-44 

function of, 725 

loeation of, 4/ 722/ 723/ 724/ 725, 
728/ 743 

male reproductive system and, 

773/ 778/ 

prenatal development of, 825, 826/ 
urine flow through, 744 
Urethra 

anatomy and histology of, 743/ 

743-44 

female, 786/ 791/ 

loeation of, 4/ 722/ 723/ 743, 773/ 

male, 777-79, 778/ 

prenatal development of, 825, 826/ 
827, 828/ 

Urethral groove, 827, 828/ 

Urethral sphineters, 744 
Urinary bladder 

anatomy and histology of, 743/ 

743- 44 

disorders of, 746 

female reproductive system and, 786/ 

loeation of, 4/ 648/ 722/ 723/ 743 

male reproductive system and, 

773/ 778/ 

prenatal development of, 825, 

826/ 827/ 

Urinary bladder eaneer, 744 
Urinary ineontinenee, 244 
Urinary system, 722—27. See also 

Kidney(s) 

aging and, 746-47 

anatomy of, 6/ 722, 722/ 723/ 

disorders of, 729, 746-47. See also 

speeifie disorders 
flinetions of, 722 

interaetions with other systems, 762 
prenatal development of, 820r-821r, 

825, 826/ 827 

summary and review, 763-68 
Urination (micturition reflex), 

744- 46, 745/ 

Urine 

eomposition of, 729í 
concentration/volume regulation, 

738-42, 750, 752/ 
movement of, 743-46 

production of, 728/ 728-38, 736/ 
Urine volume, regulation of, 559/ 

559-61 


Urorectal septum, 825, 826/ 

Urticaria, 596 

U.S. Department of Agriculture 

(USDA), 690 

U.S. Department of Health and 

Human Serviees (HHS), 690 
U.S. Preventive Serviees Task Foree 

(USPSTF), 476 

Uterine eaneer, 801 
Uterine eavity, 786/ 790 
Uterine eontraetions 
endoerine regulation of, 426, 

436-37 

during labor, 829/ 829-31, 831/ 

Uterine (fallopian) tubes 
ligation of, 799/ 800 

loeation of, 770/ 786/ 797/ 

during menopause, 80 \t 
prenatal development of, 826, 827/ 
structure and flmetion, 790 
Uterosacral ligaments, 790 
Uterus 

disorders of, 790 

during fertilization, 797, 797/ 800 
implantation in, 788, 796, 800, 

811, 811/ 

loeation of, 770/ 786/ 790 
during menopause, 80 \t 
during menstmal eyele, 

794-96, 795/ 

plaeental development in, 811—14, 

812/813/ 

during postparmm period, 829—30 
prenatal development of, 826, 827/ 
prolapsed, 790, 801 
stmemre of, 786/ 790 
supporting ligaments, 785, 786/ 790 

Utricle, 398, 398/ 399/ 

Uvula, 608/ 609, 649/ 

V 

Va (alveolar ventilation), 624 

Vaeeination, 594, 598-99, 601 
Vaeeine, 598—99 

Vagina 

flmetions of, 791 

loeation of, 770/ 786/ 791, 791/ 

during menopause, 801, 80 ìt 
prenatal development of, 826, 

827/ 828/ 

during sexual aetivity, 797 
stmemre of, 786/ 791 
Vaginal eondom, 798, 798 1 
Vaginal eontraeeptive ring, 799 
Vaginal orifiee, 786/ 791, 797 
Vagus (CN X) nerve 
blood pressure regulation by, 555/ 
digestive regulation by, 657—58, 

659/669, 669/671/ 

disorders of, 335 1 

foramen or fissure of, 158r, 335 1 

flmetions of, 329, 335 1 

heart rate regulated by, 513 

origin of, 329, 330/ 


parasympathetie division from, 410, 

413, 414/ 

taste pathway, 372 
Valves 

heart. See Heart valves 
of lymphatie vessels, 571, 571/ 

ofveins, 523, 524/ 526, 554 
Vardenafil (Levitra), 784 
Variable region, 589, 589/ 

Variables, 7 
Varieoeele, 785 
Varieose veins, 526 
Varieosities, 221 

Vasa reeta, 725, 728/ 737-38, 738/ 
Vascular eomplianee, 549, 553—54 
Vascular eonstrietion, 198 
Vascular layer of eye, 375-77, 376/ 
Vascular spasm, 475 
Vascular system. See Blood vessels; 

Circulation 

Vas deferens. See Ductus deferens 
Vaseetomy, 799/ 800 
Vasoaetive intestinal peptide, 413 
Vasoeonstrietion, 525, 548, 

552-54, 561 

Vasodilation, 525, 548, 552—54, 561 
Vasodilators, 553 
Vasomotor eenter, 552, 552/ 

554, 555/ 

Vasomotor instability, during 

menopause, 800-801, 80 \t 
Vasomotor tone, 548, 552 
Vasopressin. See Antidiuretic hormone 
Vasospasm, 362 
Vasms intermedius muscle 
insertion of, 258—59 
loeation of, 257/ 258 
Vasms lateralis muscle 
insertion of, 258—59 
loeation of, 257/ 258 
Vasms medialis muscle 
insertion of, 258—59 
loeation of, 257/ 258 

Vegan diet, 698 
Vegetarian diet, 698 
Veins, 536-46. See also speeifie veins 
of abdomen, 537/ 541, 543/ 544/ 
blood pressure in, 549, 549 f, 

550, 554 

eapillary exchange and, 551, 551/ 

eomplianee of, 550, 553—54 

disorders of, 526 

of head and neek, 536-39, 537/ 
538/ 539/ 

of lower limb, 537/ 542, 545/ 

546, 546/ 
major, 536, 537/ 
of pelvis, 537/ 541, 543/ 

544/ 545/ 

stmemre and flmetion, 

523/ 523-26 

of thorax, 537/ 539/ 541, 542/ 
types of, 523, 524/ 525, 526 
of upper limb, 537/ 

539-40, 540/ 


valves of, 523, 524/ 526, 554 

vasoeonstrietion or vasodilation of, 

548, 554 

Vellus hairs, 113 

Venae eavae. See also Inferior vena eava; 

Superior vena eava 

blood pressure in, 549, 549/ 

Venous remrn, 511, 550, 554, 561 
Venous sinuses 

of brain, 538/ 539 
of spleen, 574, 575/ 

Venous thrombosis, 556 
Ventilation (breathing) 
alveolar volume ehanges during, 
621-22 

definition of, 618 

effeet of exercise on, 628, 628/ 635, 
636-38 

modifieations of, 635—36 
P h ases of, 618 

pressure ehanges and airflow during, 
619, 620/ 

regulation of, 631—36, 632/ 
brainstem respiratory areas, 631/ 

631- 32, 632/ 

eerebral and limbie system, 632/ 

632- 33 

ehemieal, 633/ 633—34 

rhythmie, generation of, 632 
thoraeie volume ehanges during, 

618, 618/ 

Ventral, 11/ 12, 12 1 

Ventral (anterior) column, 302, 302/ 

Ventral (anterior) horn, 302/ 

303, 304/ 

Ventral rami, 311, 311/ 

Ventral respiratory group, 

631,631/ 

Ventral root, 302 f, 303, 304£ 

311,311/ 

Ventrieles (eardiae) 
conducting system in, 503/ 503—5 
flmetion of, 506-11, 507/ 509 1 

hypertrophy of, 516 

loeation and stmemre, 493, 

494/^495/495,496/ 

prenatal development of, 823, 824/ 
Ventrieles (eerebral), 326, 327/ 822 
Ventricular diastole, 506—10, 507/ 

508/ 509 1 

Ventricular pressure curve, 508/ 

508-9, 509í 

Ventricular septal defeet (VSD), 823 
Ventricular systole, 506—10, 507/ 

508/ 509í 

Ventricular taehyeardia, 50 At 
Venules 

blood pressure in, 549, 549/ 

stmemre and flmetion, 526 
Vermiform appendix, 672, 672/ 

Vermis, 318, 319/357 

Vernix easeosa, 829 
Vertebral areh, 161, 161 1 
Vertebral arteries 
foramen or fissure of, 157, 158í 
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functions of, 531 
loeation of, 530 f, 531, 'b'ò'lf 
Vertebral eanal, 161, I 6 lí 
Vertebral column 
curvatures of, 160, 160/ 
definition of, 159 
general plan of, 160/ 161/, 

161-62, 162/ 
innervation of, 310, 310/ 
intervertebral disks, 162, 163/ 
loeation of, 151/ 

muscles moving, 241, 242/, 242/ 

243/, 243/ 

regional differenees in, 163-65, 164/, 
164/165/ 

regions of, 159—60, 160/ 
structure and fimetion, 159-65 
Vertebral foramen 
of eervieal vertebrae, 164/ 
of lumbar vertebrae, 164/ 
structure and fimetion, 161, 161/ 
of thoraeie vertebrae, 164/ 

Vertebral region, 13/ 

Vertebra prominens, 163 

Vertieal plate of palatine bone, 15 6 / 

Very-low-density lipoproteins (VLDL), 

678 , 678 / 

Vesieles, 56, 788, 789/ 

Vesicular transport, 53/, 56£ 56—58, 

57/ 550 

Vestibular folds (false voeal eords), 

608/610, 610/611/ 
Vestibular ganglion, 401 
Vestibular membrane, 391, 393/ 396 
Vestibular nerve, 398/ 399/ 

400/401 

Vestibular nuclei, 356-57 
Vestibular nucleus, 401 
Vestibule 
of ear 

balanee fimetion, 398/ 

398-99, 399/ 

loeation of, 390/ 391, 

392/ 393/ 

of female genitalia, 791, 791/ 

797,828/ 

of nose, 608/ 609 

of oral eavity, 647, 649/ 

Vestibulocerebellum, 357 
Vestibulocochlear (CN VIII) nerve 
disorders of, 334/ 
in ear, 390/ 

foramen or fissure of, 158/, 334/ 
fimetions of, 329, 334/, 398 
origin of, 329, 330/ 

reflexes, 336 

Vestibulospinal traet, 353/ 353/, 354/ 

355-56, 356/ 

Viagra (sildenafil), 784 
Villus (ph, villi), 661, 662/ 

Viral infeetions, 583, 592, 596—97. See 

also speeifie infeetions 

Viral load, 597 
Viseeral arteries, 531 
Viseeral layer, 725, 727/ 


Viseeral pericardium, 17/ 492/ 

493,493/ 

Viseeral peritoneum, 17/ 647, 648/ 
Viseeral pleura, 612/ 614/ 616, 617/ 
Viseeral senses, 344, 344/ 

Viseeral serous membranes, 14, 

17/647 

Viseeral smooth muscle, 220—21 

Viseosity, 548 
Visible light, 379, 379/ 

Visual acuity, 380, 382-84 
Visual assoeiation area, 349/ 352 
Visual cortex, 349, 349/ 388 
Visual defeets, 386-88, 387/ 401. See 

also speeifie disorders 

Visual fields, 385/ 388-89, 389/ 

Visual image inversion, 379 
Visual pathways, 384, 385/ 

388-89, 389/ 

Visual pigments, 383, 384/ 

Visual system, 372-89. See also Eye(s) 
Vital eapaeity, 622, 638 
Vitamin(s). See also speeifie vitamins 
defieieney of, 696/ 
definition of, 695 
essential, 695 

fat-soluble, 677, 695, 696/ 

fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 696/ 
water-soluble, 695, 696/ 

Vitamin A (retinol) 
defieieney of, 696/ 
fimetions of, 696/ 
referenee daily intake, 696/ 
retinal production from, 382 
sources of, 696/ 

Vitamin (thiamine) 
defieieney of, 696/ 
fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 696/ 

Vitamin B 2 (riboflavin) 
defieieney of, 696/ 
fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 696/ 

Vitamin B 3 (niaein) 
defieieney of, 696/ 
fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 696/ 

Vitamin B^ (pyridoxine) 
defieieney of, 696/ 
fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 696/ 

Vitamin B 12 (eobalamins) 
defieieney of, 696/ 
fimetions of, 696/ 
red blood eell production and, 472 
referenee daily intake, 696/ 
sources of, 696/ 

Vitamin C (aseorbie aeid) 
defieieney of, 696/ 


fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 696/ 

Vitamin D (eholeealeiferol, ergosterol) 
and bone growth, 138, 446 
defieieney of, 696/ 
fimetions of, 696/ 
and osteoporosis, 141 

production of, 107, 119, 446, 447/ 

referenee daily intake, 696/ 
sources of, 696/ 
synthesis of, 722 

Vitamin E (toeopherol, toeotrienols) 
defieieney of, 696/ 
fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 696/ 

Vitamin K (phylloquinone) 
defieieney of, 486, 696/ 

fimetions of, 696/ 
referenee daily intake, 696/ 
sources of, 476, 696/ 

Vitreous ehamber, 376/ 377/ 378 
Vitreous humor, 376/ 378—79 
VLDL (very-low-density lipoproteins), 

678 , 678 / 

Voeal folds (true voeal eords), 608/ 

610, 610/611/ 

Voiee production, 607, 611, 611/ 647 
Volkmann’s eanals, 130/ 130—31 
Voltage-gated ion ehannels 

aetion potential and, 274/ 274-75, 
279-81,280/ 
in eardiae muscle, 500—501, 

502/ 503 

in skeletal muscle, 204-7, 205/ 

207/ 209/ 

Voltage sensors, 209 
Voltmeter, 275, 275/ 

Volume (loudness), 395, 397 
Vohime graph, 508/ 508—9, 509/ 

Voluntary movements, 352 
Voluntary phase (swallowing), 

653, 654/ 

Vomer bone 
as faeial bone, 151 
loeation of, 154/ 156/ 157/ 
structure and fimetion, 155, 158 

Vomiting, 661 
von Willebrand disease, 485 
von Willebrand faetor, 476 
VSD (ventricular septal defeet), 823 
Vulva, 791 

W 

Warfarin, 478 
Warts, 111 
Waste products 
blood transport of, 467, 523 
elimination of, 645, 722 
Water 

in blood, 467 

body. See Body fluids 
in ehemieal reaetions, 27, 28/ 29 


ehemistry of, 33 
digestion of, 670 — 71 , 

680-81,683/ 

hydrogen bonds in, 26, 27/ 
noneleetrolyte, 27 
polar eovalent bonds in, 26, 26/ 
properties for living organisms, 33 
reabsorbed, removal of, 

737, 737/ 

reabsorption of, 732/ 

732-34, 734/ 
regulation of, 741-42, 742£ 

748,751 

Water balanee, endoerine fimetion 

in, 426 

Water ehannels, 51, 53/ 

Water intake, 748-49, 749/, 752/ 
Water loss, 749/, 750, 752/ 

Water movement, effeet of antidiuretic 

hormone on, 739, 739/ 

Water-soluble hormones, 

427, 428-29 

Water-soluble substances, eapillary 

exchange of, 550 
Water-soluble vitamins, 

695,696/ 

WBCs. See White blood eells 
Weight 

abnormal, 714 
definition of, 22 
dietary fat and, 712 
energy intake and, 713—15 
in muscular movements, 

231,231/ 

pereentage of water in, 747 
Weight lifting, 215, 220, 263 

Wernicke area (sensory speeeh area), 

349/ 358, 360/ 

Wernicke’s (reeeptive) aphasia, 358 
White blood eells (WBCs). See also 

speeifie types ofeells 
ameboid movement of, 474 
in blood smear, 474/ 
fimetions of, 468, 469/, 474 

in inflammatory response, 582 

number of, 468—69 
production of, 469, 470/ 

584,584/ 

structure of, 469/, 471/ 474 
types of, 474, 475/ 

White blood count (WBC), 483 
White commissure, 302/ 303 
White matter 
in brain, 318 
definition of, 273 
in spinal eord, 273, 302/ 

White pulp, 574, 575/ 

White ramus communicans, 

410, 411/ 

Whole-cell aetivity, 65 
Windpipe. See Traehea 
Wisdom teeth, 649, 650/ 

Withdrawal (coitus interruptus), 798 
Withdrawal (flexor) reflex, 

308,308/ 






1-43 


lndex 


Women’s Health Initiative, 141 
Work, definition of, 29 
Working memory, 360 
Wormian (sutural) bones, 132 
Wound contracture, 101 
Woven bone 
formation of, 129 
remodeling of, 129 

repair of, 141, 142, 142/ 1 
Wrist 

arteries of, 528 f, 531, 532/ 
bones of, 15l£ 167 f, 169, 

171, 171/ 

as ellipsoid joint, 182í 

muscles moving, 253 1, 253—55, 254/ 
veins of, 537/ 539-41, 540/ 541/ 

Wrist drop, 316 

X 

Xanthines, 735 

X ehromosomes, 68, 771, 835—36 


Xiphisternal symphyses, 179í 
Xiphoid proeess, 165, 166, 166/ 
X-linked traits, 839, 839/ 84 \t 
X-rays, 24 

Y 

Y ehromosomes, 68, 771, 835—36 
Yellow bone marrow, 88, 89 1, 

131, 132/ 

Y-linked traits, 839, 84 \t 
Yolk sae, 812/ 815, 815/ 

Z 

Zantae (ranitidine), 658 
Z disk 

fimetion of, 202—3, 203/ 210/ 
structure of, 200, 201/ 202/ 

Zidovudine, 597 
Zine 

defieieney of, 69 7t 


fimetions of, 697í 
referenee daily intake, 697í 
Zoledronie aeid (Reelast), 141 

Zona fasciculata, 447, 448/ 

450, 450/ 

Zona glomemlosa, 447, 

448/ 449 

Zona pelhieida, 787 f, 788, 789£ 

809,810/ 

Zona reticularis, 447, 448/ 452 

Zone of ealeifieation, 136, 136/ 

Zone of hypertrophy, 135—36, 136/ 
Zone of proliferation, 135, 136, 136/ 
Zone of resting eartilage, 135, 136/ 
Zygomatie areh, 153/ 154, 154/ 237/ 
Zygomatie bone 
as faeial bone, 151 

loeation of, 153/ 154/ 155/ 
structure and fimetion, 154 
Zygomatie nerve, 158r 
Zygomatie proeess of temporal bone, 

153/ 154 


Zygomaticus major muscle 
aetion of, 234í, 236 
innervation of, 234 1 
insertion of, 234r 
loeation of, 235/ 

origin of, 234í 
surface anatomy, 236/ 
Zygomaticus minor muscle 
aetion of, 234/, 236 
innervation of, 234í 
insertion of, 234í 
loeation of, 235/ 

origin of, 234r 
surface anatomy, 236/ 

Zygote, 787, 788/ 809-10, 810/ 



